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Chapter 1
General Introduction 
and outline
1 General Introduction
1 General Introduction
1 General introduction: brain rhythms.
The human brain consists of billions of neurons which are densely connected with 
each other. These neurons process information by transmitting electrical and chemical 
signals. The synchronous transmission of the electrical signals by thousands of 
neurons results in small changes in potentials (mV) or magnetic fields (fT). These 
can be measured at the human scalp using the electro-encephalogram (EEG) and 
the magnetoencephalogram (MEG) respectively. EEG and MEG are neuroimaging 
tools that are used when a high temporal resolution (ms-scale) is required. Although, 
the spatial resolution of functional Magnetic Resonance Imaging (fMRI) is higher 
than that of both methods, MEG has a higher spatial resolution then EEG. It is less 
laborious to estimate the sources of the activity measured with MEG because the 
magnetic fields are less smeared then the potential differences measured by EEG as a 
consequence of the return currents in the cerebrospinal fluids, the skull and the skin.
The first paper on human EEG was published by Hans Berger in 1929 (Berger, 
1929). He started using electrodes on the human scalp to measure changes in voltage 
originating from the brain. Previously Berger had done this using dogs as subjects. 
In human EEG he found that the most pronounced electrical activity could be 
observed in the back of the head, also called the occipital region. The brain signal 
was oscillatory with an approximate cycle duration of 100 ms (~10 Hz, See Figure 
1). This supposedly reflected the simultaneous activation of millions of cortical 
neurons once every 100 ms. The rhythm had the highest amplitude in calm and awake 
subjects with eyes closed. It was called the ‘alpha’ rhythm by Berger because it was 
the first rhythm he observed, but it is also known as the ‘Berger rhythm’. In general 
this rhythm is still observed as the most prominent signal measured from the brain 
measured with EEG and MEG. Since Berger’s findings different important rhythms 
such as beta band activity (15-30 Hz) which seems to be important for movement 
and gamma band activity (> 40 Hz) which is associated with (visual) perception and 
attention have been discovered. Although almost a century of explosively growing 
technical possibilities has passed, it is still not clear what functional role the alpha 
rhythm plays in relationship to the wide range of cognitive processes in the brain.
1.1 Alpha band activity; idling, active processing or active 
inhibition?
Three clear hypotheses have been formulated about the functional role of alpha band 
activity. The first stated that alpha band activity (8-12 Hz) is simply inversely related 
to arousal (Adrian and Matthews, 1934). Later this interpretation was refined and 
alpha band oscillations were interpreted as reflecting a brain-state of inactivity but 
readiness. This was based on the fact that the power of alpha band activity increases 
when subjects are awake and close their eyes. Additionally, it was observed that 
alpha band activity decreased when cortical areas related to information processing,
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selective attention or motor preparation were activated. Therefore, an increase in 
alpha band activity was interpreted as reflecting ‘cortical idling’ (reviewed in 
Pfurtscheller et al., 1996). However, recent findings that alpha band activity increases 
with working memory load (Klimesch, 1999; Jensen et al., 2002; Tuladhar et al., 
2007) are hard to reconcile within the idling framework.
Subsequently, two hypotheses have been proposed that try to explain the discrepancy 
between the alpha idling hypothesis and the dependence of alpha band activity on 
working memory load. The first hypothesis regarding the functional role of alpha 
band activity (specifically in relation to working memory tasks) proposes that it 
reflects the network activity that sustains the neuronal representations of memorized 
items (Sewards and Sewards, 1999; Maltseva et al., 2000). Sauseng and colleagues 
proposed that synchronization in the upper alpha band reflects information transfer 
(Sauseng et al., 2002). This view subsequently leads to the interpretation of the 
observed suppression of alpha band activity during memory retrieval as reflecting 
the termination of the memory maintenance process (Palva and Palva, 2007). 
Additionally, the suggestion that alpha band activity reflects active processing is 
based on findings of phase coupling between oscillations in the alpha- and higher 
frequency bands during various cognitive tasks (Sewards and Sewards, 1999; Mima 
et al., 2001; Hummel and Gerloff, 2005) and is related to the notion that phase- 
synchronization in the alpha band between frontal and posterior regions reflects a 
top-down drive important for anticipation (von Stein et al., 2000). Nevertheless, it 
seems to lack a conclusive explanation for the (ipsi-lateral) alpha band increases 
found in the cued attention or visuo-spatial memory tasks described above.
The second hypothesis is known as the ‘alpha inhibition hypothesis’ . The hypothesis 
that alpha band activity increases were related to ‘ ...a  mechanism, which reduced 
unneeded external stimulation and permitted more efficient processing of internal 
t a s k s . . ’ was first proposed by Ray and Cole (Ray and Cole, 1985b). During the 
last decades this proposal has gained new interest when increases in alpha power 
were related to good performance on cognitive tasks (Krause et al., 1996; Klimesch,
1999) and alpha band activity was found to increase parametrically with working 
memory load (Jensen et al., 2002; Tuladhar et al., 2007). Additionally, the alpha 
inhibition hypothesis was supported by findings that alpha band activity increases 
in the hemisphere ipsilateral to the hemifield that had to be attended to in a cued 
attention task (Worden et al., 2000; Fu et al., 2001; Yamagishi et al., 2003; Fan et al., 
2007) or visuo-spatial memory tasks (Medendorp, 2006; Van Der Werf et al., 2008; 
Van Der Werf et al., 2009) i.e. the inhibition of external stimulation in the unneeded 
hemifield elicited an alpha band activity increase.
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1.2 Alpha band activity; influence of the background brain rhythm.
In EEG and MEG research the focus typically lies on what happens in the brain 
after a specific stimulus. Ongoing activity is in this case ignored. It is also assumed 
to be random and therefore will be ‘averaged out’ when averaging over a number 
of occurrences. Nevertheless, the ongoing brain activity is very strong compared 
to evoked responses and we hypothesize that ongoing activity reflects a certain 
brain state (i.e. attentive or any other state) and as such sets the stage for subsequent 
stimulus processing.
How can we isolate the brain-signal that reflects such a brain state? A good candidate 
would be the previously described alpha band rhythm since it is the most prominent 
oscillations measured during ‘rest’ in the EEG or MEG. Ongoing alpha band 
oscillations were seen as background activity which did not influence subsequent 
processing of the environment. However, when we assume that alpha oscillations 
do not reflect cortical idling or a state of readiness they should have an influence 
on how the brain processes incoming information. One approach of examining the 
role of alpha band activity is by investigating how ongoing (pre-stimulus) alpha 
band activity correlates with perception of a stimulus that was hard to detect but 
the experimental data on this subject are inconclusive. In a visual detection task 
using EEG Ergenoglu and colleagues (Ergenoglu et al., 2004) showed increased 
pre-stimulus alpha activity reduced visual detection ability whereas Babiloni and 
colleagues found the reverse result (Babiloni et al., 2005). In the sensorimotor system 
an intermediate amplitude of alpha band activity seemed to be beneficial for median 
nerve stimulation detection, while posterior alpha band activity was positively 
correlated with sensorimotor detection (Linkenkaer-Hansen et al., 2004). Although 
these findings are contradicting the idling hypothesis they do not find conclusive 
support for either the inhibition or active processing hypothesis.
A second problem of assuming that background alpha band activity does not 
influence subsequent brain processes is related to neuroimaging methods. In the last 
many decades ERP research has relied on the assumption that oscillatory background 
activity has a random phase over trials and most importantly have a zero-mean so 
they will ‘average out’ . When many trials are averaged none of this zero-mean and 
random phase activity will survive. This view has been challenged. Investigating 
the relationship between oscillatory activity and event-related responses has gained 
interest (e.g. as described in Basar, 1998; 1999). Recently, it was proposed that 
human oscillatory activity in the alpha band has ‘amplitude fluctuation asymmetry’ 
(Nikulin et al., 2007; Mazaheri and Jensen, 2008). This means that when the 
amplitude of ongoing oscillations is modulated, it is reflected stronger in the peaks 
than the troughs (or vise versa). As a consequence the signal distribution is skewed 
(non-zero mean) such that the mean covaries with magnitude. This way oscillations 
are not ‘averaged out’ when event-related responses (event-related fields (ERFs) for
11
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MEG and event-related potentials (ERPs for EEG) are calculated by averaging over 
trials. Mazaheri and Jensen (2008) demonstrated empirically that stimulus induced 
asymmetric amplitude modulations of alpha band oscillations could produce slow 
event-related responses. While this finding provided proof-of-principle, no causal 
relationship with cognitive processing has been established.
1.3 Outline of the thesis
In the following chapters I aim to provide more insight into the role of alpha band 
activity (measured with MEG) in human neural processing and event-related fields. 
The studies describe three distinct approaches to the problem whether alpha band 
activity reflects either functional inhibition or active processing and how this can 
be generalized over perceptual modalities, as well as the influence of ongoing alpha 
band oscillations on ERFs/ ERPs.
Chapter 2 investigates the influence of spontaneous oscillations in the alpha band on 
the subsequent detection of a visual threshold stimulus. By using MEG source- level 
analysis on single trials this study aims at providing robust insights into the influence 
of alpha oscillatory activity on subsequent processing.
Chapter 3 describes a working memory study examining whether alpha band activity 
can be modulated in the auditory system as it is in the visual system. First, this 
sheds light on the question whether alpha band activity is a globally implemented 
mechanism. Second, by interpreting the dissociation between processing language- 
related stimuli (left hemisphere) and tonal stimuli (right hemisphere) the question 
whether alpha band activity reflects inhibition or active processing is clarified. 
Chapter 4 combines a visuo-spatial memory task, which shows that alpha also 
lateralizes ipsilateral to hemifield of working memory retention, with providing proof 
that ERFs elicited by working memory can be explained by amplitude asymmetry of 
alpha band activity.
Chapter 5 first summarizes the findings of the studies described in the previous 
chapters and discusses the meaning of these findings in the context of the existing 
literature. Last, suggestions for future research are posed.
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Chapter 2
Oscillatory activity in the 
alpha band predicts visual 
discrimination ability
2 Prestimulus alpha band activity predicts discrimination ability
Summary
Even though the resting and baseline states of the human electro- and 
magnetoencephalogram (EEG/MEG) are dominated by oscillations in the alpha 
band (~10 Hz), the functional role of these oscillations remains unclear. In this study 
we used MEG to investigate how spontaneous oscillations in humans presented 
prior to visual stimuli modulate visual perception. Subjects had to report if  there was 
a subtle difference in gray levels between two superimposed presented discs. We 
then compared the pre-stimulus brain activity for correctly (hits) versus incorrectly 
(misses) identified stimuli. We found that visual discrimination ability decreased 
with an increase in pre-stimulus alpha power. Given that reaction times did not vary 
systematically with pre-stimulus alpha power changes in vigilance are not likely 
to explain the change in discrimination ability. Source reconstruction using spatial 
filters allowed us to identify the brain areas accounting for this effect. The dominant 
sources modulating visual perception were localized around the parieto-occipital 
sulcus. We suggest that the parieto-occipital alpha power reflects functional inhibition 
imposed by higher level areas which serves to modulate the gain of the visual stream.
This chapter was adapted from:
van Dijk, H, Schoffelen, J-M, Oostenveld, R, and Jensen, O (2008), Oscillatory activity in the 
alpha band predicts visual discrimination ability, Journal of Neuroscience 28(8) 1816-23
14
2 Prestimulus alpha band activity predicts discrimination ability
2.1 Introduction
The resting state of the human brain has recently received increasing interest in human 
neuroimaging research (Gusnard and Raichle, 2001). What are the electrophysiological 
correlates of the resting or baseline states and do they serve a functional role? The 
ongoing human electroencephalogram (EEG) and magnetoencephalogram (MEG) 
during rest are dominated by posterior ~10 Hz oscillations, termed the alpha or 
Berger rhythm (Berger, 1929). While these posterior oscillations are produced by 
large ensembles of neurons oscillating in synchrony their role in visual perception 
remains unclear. While alpha activity used to be considered an ‘idling’ rhythm 
(reviewed in (Pfurtscheller et al., 1996), more recent proposals suggest that it either 
reflects active inhibition (Klimesch et al., 2006) or plays a direct role in cortical 
processing (Palva and Palva, 2007).
The proposal that alpha activity reflects inhibition is based on the notion that 
posterior brain regions are disengaged when not functionally relevant for a given 
task. This is among others implied by the finding that posterior alpha power 
increases parametrically with working memory load during retention (Krause et al., 
1996; Jensen et al., 2002; Tuladhar et al., 2007). In support of the alpha inhibition 
hypothesis, a visuo-spatial working memory experiment demonstrated that alpha 
power during retention increased in parieto-occipital areas ipsilateral to the hemifield 
where the memory item was presented compared to when the item was presented in 
the contralateral hemifield (Medendorp et al., 2007). Furthermore, a recent working 
memory study engaging either the dorsal or ventral stream, showed that alpha over 
dorsal areas increased when the ventral stream was engaged (Jokisch and Jensen, 
2007). In addition to the inhibition hypothesis, alpha activity has been proposed to 
play an active role in neuronal processing (Palva and Palva, 2007). This hypothesis 
is among other based on findings showing phase-coupling between oscillations in 
the alpha- and higher frequency bands during various cognitive tasks. Related to this 
idea is the notion that phase-synchronization in the alpha band between frontal and 
posterior regions reflects a top-down drive important for anticipation (von Stein et 
al., 2000).
One approach of examining the role of posterior alpha oscillations in the visual system 
is by investigating how alpha activity correlates with visual detection; however, 
the experimental data on this subject are inconclusive. In a visual detection task 
using EEG Ergenoglu and colleagues (Ergenoglu et al., 2004) showed pre-stimulus 
alpha activity reduced visual detection ability whereas Babiloni and colleagues 
found the reverse result (Babiloni et al., 2006). Beyond differences in the task, a 
possible explanation for the diverging results is that signal from e.g. sensorimotor 
and posterior areas are mixing at sensor level due to volume conduction (Hari and 
Salmelin, 1997). Such mixing will confound the subsequent analysis. One step 
towards improving discrimination between different neuronal sources is to use MEG
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since this technique has a better spatial resolution than EEG (Hamalainen, 1993). An 
additional step is to use spatial filters, e.g. beamforming, to estimate the activity from 
the respective sources engaged (Gross et al., 2001).
In this study we used MEG to explore the influence of pre-stimulus alpha band 
activity on visual perception. We presented stimuli of different contrasts at detection 
threshold and investigated how discrimination ability was modulated by pre-stimulus 
alpha band power.
2.2 Methods
Subjects. Students from the local university participated in the experiment. The 
applied detection task was highly demanding and only 8 out of 21 subjects were able 
to perform it in a satisfactory (see below). The 8 subjects (50% male, age 26 +/- 3 
years) were right-handed, had normal or corrected to normal vision and no history of 
neurological disorders. Informed consent was obtained after the task was explained.
Stimuli and design. Subjects were asked to focus on a fixation cross during a baseline 
period of random length (2.5-3.5 s). The stimuli were presented for 16 ms and 
consisted of a disc (2.1 degrees) superimposed on a larger disc (3.8 degrees) (Fig. 
1a). Subjects were asked to push a left (right) response button when they detected 
a difference in gray level between the discs and a right (left) button when they did 
not. The response hands were counterbalanced over subjects. Immediately after 
the response, a uniform gray disc (5 degrees) was presented to mask the stimuli in 
order to avoid after-effects interfering in the next trial. If  the subject did not respond 
within 700 ms the mask was presented automatically. This was done to ensure a fast 
response from the subjects; however, also those trials were included in the analysis. 
I f  the response was later than the mask, the 2.5-3.5 s baseline period followed the 
response. Visual stimuli were presented using an LCD projector (SANYO PROxtraX, 
refresh rate: 60 Hz). The subjects were trained on the task for 20 minutes, followed 
by a 20-minute staircase procedure to determine the subjects’ individual contrast 
threshold. The contrast resulting in a discrimination rate of approximately 50% was 
selected to be the threshold stimulus in the recording session. In the MEG recording 
session the threshold stimulus was presented in 70% of the trials. A no-contrast 
stimulus was presented in 26% of the trials and 4% of the trials consisted of easy 
contrast trials. The experimental (threshold) session took between 40 and 50 minutes 
dependent on the reaction times of the subjects. Only datasets from subjects who 
performed the task were analyzed. Subjects with a false alarm rate above 20% on the 
no-contrast stimulus were rejected since it implied that they were guessing on a lot of 
trials. Furthermore, in order to have enough trials for the analysis we required at least 
130 trials for both hits as misses in the threshold contrast condition. No subjects were 
rejected on the basis of the MEG data. The relative high number of rejected subjects 
is explained by the task being highly demanding in terms of physical stamina and
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concentration. Following the discrimination task a short recording was performed to 
identify the source of the posterior alpha rhythm. Subjects were instructed to close 
and open their eyes (in response to one and two tones, respectively) for 6 seconds in 
40 trials while MEG data were acquired. In total the recording sessions lasted about 
66 to 76 minutes, self paced breaks excluded.
Data collection and analysis. A whole head MEG system (151 axial gradiometers, 
VSM/CTF Systems, Port Coquitlam, British Columbia, Canada) was used for the 
data acquisition. The data were low-pass filtered at 150 Hz and digitized at 600 Hz. A 
bipolar electrooculogram (EOG) was recorded to later discard trials with eye blinks. 
Key presses were detected using an optical button box (Lumitouch). Before and after 
each recording session the head position of the subjects was measured with respect 
to the MEG sensor array. This was done using coils placed on the ear canals and the 
bridge of the nose. Structural M R images were acquired using a 1.5 T Sonata scanner 
(Siemens, Erlangen, Germany). The MEG data were aligned to the structural MR 
data, according to the MEG coils at the anatomical landmarks.
The Matlab (The MathWorks, Natick, Massachusetts, USA) package Fieldtrip was 
used for data analysis (http://www.ru.nl/fcdonders/fieldtrip). Trials contaminated by 
artifacts, such as eye-blinks and sensor jumps, were rejected. Only trials in which the 
threshold stimuli had been presented were used in the subsequent analysis.
The oscillatory activity with respect to hits and misses was characterized by calculating 
the power in the 1-second interval preceding the stimulus. A multitaper spectral 
estimation method was applied (Percival, 1993). The data were multiplied with a set 
of 3 orthogonal Slepian tapers. Each tapered data epoch was subsequently Fourier 
transformed and the power-spectral densities were averaged. This procedure resulted 
in single trial estimates of oscillatory power with ±2 Hz frequency smoothing.
When analyzing the topography of the power spectra at the sensor level we computed 
the planar gradiometer representation of the data (Bastiaansen and Knosche, 2000). 
The calculated planar field gradient approximates the signals measured by physical 
planar gradiometers (e.g. as in Elekta Neuromag systems, Stockholm, Sweden). This 
is often advantageous when analyzing MEG signals, because the strongest field of 
the planar gradient signal usually is situated above the neural sources (Ahonen et al., 
1993). The horizontal and vertical components of the planar gradients were estimated 
at each sensor location using the fields from the sensor and its neighboring sensors. 
The power values for the horizontal and vertical components following the spectral 
analysis were summed for each sensor location.
Changes in power were statistically assessed using a non-parametric randomization 
method identifying clusters of sensors with significant changes. This effectively 
corrects for multiple comparisons over sensors, in within subject comparisons 
(Nichols and Holmes, 2002; Maris and Oostenveld, 2007). Clusters are defined
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as spatially contiguous sensors where the t-statistics exceed a prior threshold (p < 
0.05) with respect to two conditions. Note that the comparison based on t-statistics 
was used to identify sensors with effects exceeding a threshold for the subsequent 
cluster analysis; thus, the power values to be tested were not required to be normally 
distributed. The cluster-level test statistic was defined as the sum of the t-statistics of 
the sensors in a cluster. In a non-parametric statistical test, the Type-I error rate for the 
complete set of 151 sensors was controlled by evaluating the cluster-level test statistic 
under the randomization null distribution of the maximum cluster-level test statistic. 
This was obtained by randomly permuting the data between the two experimental 
conditions within every participant. By creating a reference distribution from 1000 
random sets of permutations, the p-value was estimated as the proportion of the 
elements in the randomization null distribution exceeding the observed maximum 
cluster-level test statistic.
Dynamic Imaging of Coherent Sources (DICS), a frequency-domain adaptive spatial 
filtering algorithm (Gross et al., 2001)was applied to identify the neuronal source 
of interest. DICS has proven to be particularly useful when localizing oscillatory 
sources (Liljestrom et al., 2005). The brain volume was discretized to a 3-D grid 
(5 mm spacing) and at each grid point spatial filters were constructed from the 
cross-spectral density matrix of the MEG signals and the respective lead field. The 
multitaper method described above was used to estimate the Fourier-transformed 
data and the cross-spectral density matrix. The lead fields were calculated from a 
multiple spheres headmodel (Huang, 1997). The resulting spatial filters were applied 
to the power of the Fourier transformed data for the frequency of interest (i.e. alpha) 
in order to optimally pass information of the location of interest while attenuating 
the activity from other regions. To reduce biases towards the centre of the head, we 
computed the neural activity index (NAI) by dividing the estimated power at each 
grid point by an estimate of the noise. This noise bias is affected by the amount of data 
in the sense that more data results in a reduction of variance. Thus, the noise biases 
had to be estimated from the experimental data subject by subject. This was done 
by applying the spatial filter to an identity matrix scaled with the smallest singular 
value of the cross spectral density matrix (Van Veen, 1997). To prevent this bias we 
equalized the number of trials in the hits and misses conditions. For each subject 
we randomly selected trials from the condition with the most trials until the amount 
of trials was equal to the number of trials in the condition with the least trials. The 
resulting distribution of the NAI in the alpha band was subsequently co-registered on 
the subject’s structural MRI. To compute the grand average of the data the individual 
functional volumes were spatially normalized to a canonical brain, and subsequently 
smoothed with a Gaussian kernel (FWHM: 10 mm), using SPM2. (http://www.fil. 
ion.ucl.ac.uk/spm/software/spm2). Subsequently, the spatially normalized source 
estimates were averaged.
For the experimental conditions, the spatial filters were also used to derive estimates 
of the source power on a trial by trial basis (‘virtual sensors’). To this end, the spatial
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filter at the regions of interest was applied to the Fourier transforms of single tapered 
data segments. The regions of interest were chosen. The contribution of the dipole at 
the locations of interest was estimated by performing a singular-value decomposition 
on the real part of the virtual sensors’ cross spectral density matrix. Single trial 
power estimates were obtained by rotating the spatially filtered Fourier transforms 
according to the first singular vector and subsequently averaging the power of the 
data segments across the tapers.
We investigated post-stimulus activity by calculating the event-related fields (ERFs). 
Trials were low-pass filtered offline at 30 Hz and baseline corrected (-100 -  0 ms). 
The trials were divided into hits and misses. For each subject the difference between 
the two conditions was calculated in the axial gradient representation after which 
the planar gradient representation was computed as described above. For each 
sensor location we then calculated the root mean square for the two planar gradient 
directions. Subsequently, the ERF differences were averaged over subjects.
2.3 Results
We used a task in which subjects had to report whether they could distinguish the 
contrast between two superimposed gray discs (Fig. 1a). First, we identified the 
discrimination threshold in each subject using a staircase procedure (see Methods). 
Subsequently, while the MEG was recorded, we presented the stimuli at discrimination 
threshold (70%) randomly intermixed with catch trials.
Data were collected for 21 subjects and analyzed for the 8 subjects who were able 
to perform the task well (see Methods). In the analysis we categorized the trials
Figure 1. Task used to determine visual 
discrimination ability and behavioral data. 
(a) The stimuli consisted of a smaller disc 
superimposed on a larger disc with different 
contrasts (gray levels). Contrasts resulting 
in ~50%  detection defined the threshold 
stimulus. The contrasts are exaggerated here 
to make them clearly visible. In 70% of the 
trials the threshold stimulus was presented. 
Of the remaining trials, 4% contained an 
easy contrast stimulus and 26% a no contrast 
stimulus. (b) After a fixation period with a 
random duration (2.0-3.5 s) the stimulus was 
presented for 16 milliseconds. In a forced- 
choice task subjects reported whether they 
detected a contrast difference within a 700 
ms response interval. Immediately after the 
response a mask was presented. (c) There was 
no significant difference between the number 
of trials with hits and misses. The reaction 
time for hits was faster than for misses (p = 
0.041).
no contrast (26%)
Prestimulus Stimulus Response Mask 
2 .5 -3 .5  s 16 ms < 7 0 0  ms 100 ms
Hits Misses
19
2 Prestimulus alpha band activity predicts discrimination ability
with stimuli presented at threshold into hits (detected) and misses (not detected). 
There was no significant differences between the number of hits and misses (p=0.25, 
paired t-test, two-tailed; Fig. 1c). Reaction times were slightly faster for hits than 
misses (p=0.041, paired t-test, two-tailed; Fig. 1d). As the first step in the MEG data 
analysis, we characterized the alpha power with respect to behavioral responses. The 
powerspectra were calculated for all sensors (after conversion to the planar gradient; 
see Methods) in a 1 second pre-stimulus interval for hits and misses separately. Figure 
2a shows the alpha power (8-12 Hz) topography for the difference between misses 
and hits. The pre-stimulus alpha power was significantly higher for misses than hits 
(corrected for multiple comparisons by a cluster analysis; p=0.008). Figure 2b shows 
the powerspectra averaged over the posterior sensors belonging to the cluster with a 
significant effect. Note that a modulation of power below 30 Hz with respect to hits 
and misses was constrained to the alpha band. This was the case when considering the 
other sensors as well. To investigate how detection ability was related to alpha power 
we selected the sensors that showed a significant difference in pre-stimulus alpha 
power between hits and misses (indicated in Figure 2a). Subsequently we estimated 
the average single-trial alpha power from the pre-stimulus intervals of these sensors 
for each subject. The trials were sorted according to power and divided into quartiles. 
Hit rates (number of hits divided by misses) were calculated for each quartile and
normalized in each subject to 
the individual mean hit rate 
over all quartiles (Linkenkaer- 
Hansen et al., 2004) (Fig. 2c). 
The normalized hit rates in the 
1st quartile were significantly 
larger than hit rates in the 4th 
quartile (p =  0.018, repeated 
measures ANOVA, simple 
first contrast). Hit rates for 
intermediate compared to 
low alpha power did not 
differ significantly (Fig. 2c). 
Since Linkenkaer-Hansen et 
al. (2004) found a quadratic
Figure 2. Characterization o f  visual discrimination ability in relation to the pre-stimulus M EG  data. (a) 
Topography of the 8-12 Hz power of the difference between misses and hits (planar gradient) averaged over 
subjects. Sensors showing significantly stronger alpha power for misses than hits are highlighted with dots 
(p=0.008; corrected for multiple comparisons). (b) Grand average of the spectra calculated for the pre-stimulus 
time window (-1 to 0 s; green line: hits; red line: misses). The spectra are averaged over the sensors that showed 
a significant difference between misses and hits in the 8-12 Hz band. (c) The trials of the detection session 
were sorted according to pre-stimulus alpha power and binned into quartiles. The hit rates (hits divided by 
misses) were normalized and then averaged over subjects. The hit rates in the 1st quartile (low alpha power) were 
significantly higher than those in the 4th quartile (p=0.018). (d) The reaction times for each quartile normalized 
and averaged over subjects. The reaction times did not show a statistically significant dependence on alpha 
power. Error bars represent s.e.m.
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relationship between somatosensory mu power and somatosensory detection rates 
we investigated if  there was a quadratic relationship between alpha power and visual 
hit rates in other sensors. We subjected the hit rates in the four bins to the expression
Hit Rate(a-bin) = a a-bin2 + b a-bin + c
where a-bin refers to the four alpha-bins (represented in the equation as [-3, -1, 1 
,3]). We did this for each sensor and then tested if  the quadratic, (a) and the linear 
term (b) were different from 0 using the cluster randomization procedure. Only the 
linear term was different from 0 in posterior sensors overlapping with those in Figure 
2a. In conclusion we found no evidence suggesting a quadratic relationship between 
hit rate and alpha power. Figure 2d shows the relationship between reaction times 
and alpha power. Reaction times were computed for each quartile and normalized 
according to the mean in each subject. The reaction times were not significantly 
related to the alpha power with respect to the four bins (repeated measures ANOVA). 
Using the same analysis as for the hit rates, we found no evidence for a quadratic 
relationship between reaction time and alpha power.
To identify the sources producing the oscillatory activity modulating the visual 
detection ability, we applied a beamforming technique. First, we estimated the 
sources of the 1 s pre-stimulus activity by computing the neural activity index 
(NAI)(Van Veen, 1997) in the 8-12 Hz band for both hits and misses (Fig. 3a). The 
source representations were co-registered onto the individual subjects’ structural 
MR images, normalized to a standard brain, and averaged. The strongest source 
was identified in precuneus (Brodmann area (BA) 7) bordering the parieto-occipital 
sulcus. Additionally, we identified two bilateral sources around the sensorimotor 
hand-areas of the central sulcus (BA 3 and 4). These reflect the ~10 Hz component 
of the sensorimotor mu rhythm (Hari and Salmelin, 1997). To identify the sources 
accounting for the modulation in detection ability, we subtracted the NAI for hits 
and misses. The source representing the difference in alpha power was localized 
around the parieto-occipital sulcus (Fig. 3b). This source location is consistent with 
the alpha power differences observed at the sensor level topographic maps (Fig. 
2a). There was a tendency towards a left lateralization. However, this was mainly 
dominated by 4 subjects. Note that no sources accounting for the difference between 
the two conditions were found in sensorimotor regions. In short, sources for the 
~10 Hz pre-stimulus activities were found in posterior and sensorimotor regions; 
however, sources correlating with discrimination ability were only found in posterior 
regions.
To investigate hit rates as a function of ~10 Hz activity at the sources level, we used the 
coordinates of the sources (one posterior alpha and two central mu sources) identified 
in each subject to create a “virtual sensor” by means of spatial filtering. The signals 
from the virtual sensors were analyzed in the same way as the sensor data. We found
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(a ) Hits and Misses combined
d)
1 2  3 4 
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Figure 3. Source estimation o f  the pre-stimulus alpha activity 
and characterization o f  the data using virtual sensors. (a) 
The source estimates of the pre-stimulus 8-12 Hz activity for 
hits and misses were combined for each subject, normalized 
to a standard brain and then averaged. The sensorimotor mu 
sources are indicated (R ). (b) The estimated source activity for 
hits subtracted from the misses. The posterior alpha source is 
indicated (Ra). Sources maps were thresholded with respect to 
50% of the maximum. (c) Hit rates for the posterior alpha source 
(Ra). The hit rates for the 3rd and 4th quartile differ from the 1st 
quartile (p= 0.024 and p=0.001 respectively). (d) Hit rates were 
not modulated by the 8-12 Hz activity from for the bilateral mu 
sources (R^). (d) Same as in (c) but for ten alpha power bins. 
Error bars represent s.e.m.
that the pre-stimulus alpha power 
with respect to a virtual sensor in 
the parieto-occipital sulcus (Fig 
3b, Ra) strongly correlated with 
visual discrimination ability: the 
normalized hit rates decrease 
with an increase in alpha power 
(Fig. 3c, main effect: p =  0.015, 
repeated measures ANOVA). 
The hit rate in the 1st quartile 
(representing low alpha power) 
was significantly higher than 
the hit rates in the 3rd and 4th 
quartiles (p =  0.024 and p=0.001, 
respectively, repeated measures 
ANOVA, simple first contrast). 
The effect observed for the 
virtual posterior sensors showed 
a more systematic decrease in hit 
rate with alpha power compared 
to the effect at the sensors 
(compare Fig. 2c to Fig. 3c). 
The pre-stimulus power detected 
by the virtual sensors in the left 
and right sensorimotor regions 
(Fig 3b, R  averaged over both 
hemispheres) did not influence 
the hit rates (Figure 3d; averaged 
over 7 subjects since one subject 
was excluded due to the absence 
of mu sources). In Figure 7 the 
same is shown for 10 bins in 
stead of 4.
Since posterior alpha power is 
known to increase when eyes are 
closed compared to when eyes 
are open (the classical Berger 
effect), this raises the question whether the posterior source we have identified 
corresponds to the source accounting for Berger’s effect (Berger, 1929). To investigate 
this, we acquired MEG data when the subjects were performing a simple eyes open/ 
closed task (40 epochs of 6 s of eyes opened followed by 6 s of eyes closed). The 
power spectra showed a strong alpha modulation at 8-12 Hz when comparing eyes
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closed to eyes open and it was significant in most sensors (Figure 4a, b). As expected, 
the alpha activity was strongest in the posterior sensors. The topography of the 
difference between misses and hits does not seem to differ significantly from the 
Berger effect (compare Fig. 2a to Fig. 4a); however, a source analysis did reveal a 
difference. The location of the source accounting for the difference in ~10 Hz activity 
when comparing eyes open to closed was identified to the cuneus (BA 17/18) just 
posterior to the parieto-occipital sulcus. This location is more posterior compared to 
the source accounting for the difference between misses and hits.
To investigate if  there were systematic changes in behavior and/or alpha power 
modulation over the course of the experiment we divided the trials into quartiles 
according to their order in the experiment. Hit rates (hits/misses) were calculated for 
each quartile and normalized in each subject to the individual mean hit rate over all 
quartiles. The normalized grand average of alpha power did not change significantly 
during the course of the experiment (p=0.17) (Fig. 5a). Reaction times did not differ 
significantly between quartiles either (p=0.27, Fig. 5b). With respect to hit rates we 
observed a systematic decrease in performance from the 1st compared to the rest of 
the quartiles (p=0.041; p=0.01 and p=0.008 respectively, repeated measures ANOVA, 
simple first contrast, Fig.5c). We conclude that while hit rates did decrease over the 
course of the experiment, this decrease was not associated with significant changes 
in reaction times or alpha power.
In order to investigate brain activity reflecting hits versus misses after stimulus 
presentation we calculated the combined planar gradient of the event-related fields 
(ERFs). As seen in Figure 6 we observed a reliable difference in the early ERFs
Figure 4. Characterization o f  the 8-12 Hz 
alpha activity with respect to the eyes open/ 
closed task. (a) Topography of the 8-12 Hz 
power for eyes open subtracted from eyes 
closed. Sensors that differ significantly are 
marked with dots (p <  0.001 corrected for 
multiple comparisons, cluster analysis). (b) 
The spectra for the sensors that showed the 
biggest difference (MLO11). (c) Sources 
accounting for the eyes open/closed 
difference in the alpha band. The source 
estimates for the 8-12 Hz activity for eyes 
closed and open were subtracted for each 
subject, normalized to a standard brain 
and then averaged. The source maps were 
thresholded with respect to 50% of the 
maximum.
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90-135 ms after stimulus presentation. The ERF for hits 
was bigger then the ERF for misses. The topography 
reflecting the differences was clearly posterior and 
somewhat left lateralized. The topographies with respect 
to ERF differences and pre-stimulus alpha differences 
(Figure 2a) had quite a similar distribution. Thus on the 
basis of these data it is likely that the same brain regions 
are responsible for producing the differences in ERFs 
and alpha power. Source modeling would have helped 
to clarify this issue; however, due to the weak ERFs 
we were not able to reliably construct a source model 
accounting for the difference between hits and misses. 
On this basis we tentatively conclude that the alpha 
activity does modulate the excitability of posterior visual 
areas. These modulations in excitability are expressed in 
the magnitude of the ERFs reflecting visual perception 
in the same regions.
2.4 Discussion
We have demonstrated that pre-stimulus alpha power in 
, humans correlates with contrast discrimination ability
Figure 5. Alpha pow er and . • i • i i * • • • 1 1
reaction times during the in a simple visual task. An increase in posterior alpha
experiment. The alpha p°wer power correlated with a decrease in discrimination
S t  £chanrgeeacdunnintimthe ^ o u S  ability. Source analysis revealed that ~ 10 Hz activity
of the experiment. (c) Hit rates around the parieto-occipital sulcus was accompanied
were s ig m & ^ ty  stonger m fte  with a modulation in discrimination ability. Although 
1st quartile compared to the rest. . .  „ .
Error bars represent s.e.m. reaction times were faster for hits than for misses, they
did not vary systematically with alpha power. Thus we
suggest that the changes in visual discrimination ability are modulated by oscillatory
activity in the alpha band which serves to reduce the gain of the visual dorsal stream.
Our findings are consistent with the hypothesis that increases in posterior alpha 
activity reflect inhibition or disengagement of posterior areas (Ray and Cole, 1985a, 
b; Vanni et al., 1997; Klimesch et al., 2000; Jensen et al., 2002; Cooper et al., 2003; 
Klimesch et al., 2006; Jokisch and Jensen, 2007). One functional interpretation of the 
inhibition hypothesis is that the gain of the dorsal visual stream is reduced with alpha 
power (Jokisch and Jensen, 2007). The gain would serve to “gate” the information 
passed from occipital to dorsal parietal areas. The gain would be inversely related 
to alpha activity in the parieto-occipital sulcus. We suggest that a reduced gain is 
reflected in the visual evoked fields produced in posterior areas (see Figure 6). As 
a consequence, subtle details are less likely to elicit a conscious percept. While 
alpha activity is likely to be controlled by a top-down mechanism such as attention
a
Time [Quartiles]
Time [Quartiles]
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a Hits > Misses
Time (s)
Figure 6. Difference in event-related 
fields (ERFs) with respect to hits 
and misses. (a) Topography of the 
difference between hits and misses 
(combined planar gradient), 90-135 
ms, averaged over subjects. The 
time-window is depicted in (b) by 
a gray bar. (b). The time course of 
the ERF difference between hits and 
misses averaged over subjects and 
averaged over the sensors depicted in 
(a) by ‘O’s.
(Worden et al., 2000; Medendorp, 2006; Medendorp et al., 2007) it is at this stage 
not clear which frontal areas exerts this control. It should be mentioned that our 
findings pertain to how alpha power modulates visual detection ability. A recent 
paper by Palva and Palva (2007) argues that alpha activity could play an active role 
in cognitive processing. This argument is based on findings demonstrating cognitive 
modulation of thephase-relationship between alpha sources rather than modulations 
in power.
What is the functional benefit of inhibiting posterior areas? One advantage might 
be to reduce the flow of visual information which could interfere with processing in 
higher level areas such as working memory maintenance This hypothesis is among 
others based on findings demonstrating that alpha power increases during working 
memory retention (Jensen et al., 2002; Tuladhar et al., 2007). Consistent with this 
notion it was demonstrated in visual cued attention experiments that alpha power 
increased in occipital areas ipsilateral to the hemifield attended to, compared to when 
this hemifield was ignored (Worden et al., 2000; Fu et al., 2001; Yamagishi et al., 
2005; Kelly et al., 2006; Thut et al., 2006).
We found that the alpha source representing the difference between misses and hits is 
anterior to the source of the ‘classical’ alpha activity identified in the eyes open/closed 
condition (compare Fig. 3b and Fig 4c). Our results indicate that the alpha sources 
anterior and posterior to the parieto-occipital sulcus serve different functions. Given 
the spatial resolution of MEG we cannot tell if this reflects two distinct sources, or 
one larger source differentially modulated over the dorsal axes. Given that several 
studies have argued for a top-down driven attention system engaging the dorsal 
stream, the modulation of occipital and parietal areas is likely to be related (Corbetta 
and Shulman, 2002; Fox et al., 2006). More studies are required in order to establish 
if  alpha sources anterior and posterior to the parieto-occipital sulcus have different 
functional roles.
One concern is that the correlation between alpha power and discrimination ability is 
primarily explained by changes in vigilance. This concern is based on the observation 
that both reaction times and alpha power had higher values for misses than hits 
(Figure 1d). However, when reaction times were correlated with alpha power (Figure
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2d and Figure 3d) it was clear that no correlation existed. Additionally, even though 
hit rates did decrease over the course of the experiment, this was not associated 
with systematic changes in alpha power or reaction times (Figure 5). Based on these 
findings we conclude that the changes in discrimination ability with alpha activity 
are not explained by changes in vigilance.
Previous studies on pre-stimulus alpha activity and detection ability have yielded 
inconsistent results (Babiloni et al., 2003; Ergenoglu et al., 2004; Babiloni et al., 
2005). One explanation for the discrepancies might stem from the fact that several 
sources in the human brain produce oscillatory activity in the alpha band (Hari and 
Salmelin, 1997). This in particular becomes a problem when analyzing EEG and 
MEG data since the activity from different sources will mix at the sensor level due to 
volume conduction and cross-talk. By analyzing the signals at the source level using 
spatial filters we were able to disentangle the different ~10 Hz sources resulting in 
an improved correlation between alpha power and detection ability (compare Fig. 
3a and 3b). In conclusion, the combination of MEG with spatial filters allowed us 
to robustly demonstrate that only posterior alpha power with sources around the 
parieto-occipital sulcus predicts discrimination ability.
Even though the ~10 Hz sensorimotor mu rhythm did not predict visual discrimination 
ability, this rhythm has been shown to correlate with somatosensory detection in an 
MEG study by Linkenkaer-Hansen et al. (2004)(Linkenkaer-Hansen et al., 2004). 
In sensors over sensorimotor areas, they showed that intermediate pre-stimulus 
~10 Hz power was associated with the highest somatosensory detection ability. 
One possibility is that the ~10 Hz sensorimotor mu rhythm plays a different role 
for somatosensory processing than the posterior alpha rhythm plays for visual 
processing; however, a direct comparison is complicated by the finding that the 
strongest alpha sources modulating the detection ability were around the parieto­
occipital sulcus rather than primary visual cortex. In addition, Linkenkaer-Hansen 
et al. (2004) found that an increase in alpha power in posterior sensors correlated 
with an increase in somatosensory detection ability. This result is consistent with 
the inhibition hypothesis of posterior alpha activity: when a subject is engaged 
in somatosensory detection, inhibiting the visual stream might serve to allocate 
resources to the sensorimotor system.
The influence of the ongoing state of the brain on task-related activity has been the 
focus of recent studies applying functional magnetic resonance imaging (fMRI). A 
fMRI study showed that the BOLD response in early visual areas correlated positively 
with performance in a visual pattern detection task (Ress et al., 2000). The authors 
infer that the increase in BOLD correlating with detection ability reflects a change in 
local cerebral blood flow due to an attention-related increase in pre-stimulus firing 
rates of a large population of neurons in visual cortex. Although the poor temporal 
resolution of fMRI makes it difficult to interpret the reported BOLD increase as pre­
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stimulus activity, we would like to extend the hypothesis. Since combined fMRI and 
EEG studies have demonstrated a negative correlation between alpha power and the 
BOLD signal (Goldman et al., 2002; Laufs et al., 2003), the increase in the visual 
cortex BOLD signal correlating with visual detection ability could be explained by 
a decrease in pre-stimulus alpha power. More research possibly combining EEG and 
fMRI is required to further investigate this hypothesis.
Our findings suggest that pre-stimulus alpha power reflects functional inhibition of 
the visual pathway. What are the neurophysiological mechanisms accounting for the 
functional inhibition with an increase in alpha activity? Jones et al. 2000 (Jones et al.,
2000) proposed a computational model involving mutually connected excitatory and 
inhibitory neurons. The model works as follows: during the alpha cycle a group of 
inhibitory neurons fires. The firing results in GABAergic inhibition of the excitatory 
neurons. These neurons are initially hyperpolarized by the GABAergic inhibition but 
due to rebound excitation they well eventually fire. This excitatory firing in return 
activates the inhibitory neurons and a new cycle starts. When considering realistic 
kinetics and time scales of the receptors and synapses involved, this mechanism will 
produce ~100 ms rhythmic cycles. The periods of hyperpolarization increase with 
GABAergic inhibition as does the rebound excitation. According to this scheme, 
the increase in functional inhibition with alpha activity might be explained by the 
GABAergic feedback silencing the excitatory cells involved in conveying visual 
information (Jones et al., 2000). It should be mentioned that models have been 
proposed in which GABAergic feedback is important for the generation of gamma 
and beta oscillations (Traub, 1999). In these models it is the direct inhibitory feedback 
to excitatory and inhibitory neurons allowing for the fast oscillations to emerge. This 
is in contrast to the model of Jones et al. (2000) where the rhythm generation is a 
consequence of rebound excitation following a GABAergic inhibition. This model 
could be extended to include thalamic interactions which are known to play a role 
in the generation of the alpha rhythm as well (Lopes da Silva, 1991; Rougeul-Buser 
and Buser, 1997; Hughes and Crunelli, 2005). Complementary to this idea is that 
the gain of the visual stream is modulated by the alpha rhythm. Recent experimental 
and theoretical work have investigated the gain properties of neocortical neurons 
from sensory areas (Chance et al., 2002). It was demonstrated that the gain of these 
neurons were modulated by background synaptic input. While the synaptic input 
was assumed to be a consequence of random background firing with no temporal 
structure, this framework might also be applied to understand gain modulation in the 
presence of rhythmic background activity. The rhythmic background activity is likely 
to be a consequence of a top-down drive which determines the gain of the visual 
system; i.e. there is a reduction in gain when alpha activity increases. It has been 
proposed that gain modulation is a general computational principle of the central 
nervous system (Salinas and Thier, 2000). We propose the working hypothesis that 
gain modulation in general is achieved by changing the oscillatory properties in the 
alpha band in relevant networks.
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In conclusion, the ongoing state of the brain characterized by spontaneous alpha 
activity modulates task-related behavior. Therefore, this activity should not be 
disregarded when performing electrophysiological and functional imaging studies. 
Moreover, it may be beneficial to monitor the alpha activity not only in subjects 
performing a task in an experimental setting, but also in people performing real-life 
jobs where high visual performance is required.
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Chapter 3
Left temporal alpha band activity 
increases during working memory 
retention of pitches
3 Alpha band activity increases with auditory working memory
Summary
The functional role and regional specificity of ~10 Hz alpha band activity remains 
debated. Alpha band activity is strongly modulated in visual working memory 
tasks and it has been proposed to subserve resource allocation by disengaging task­
irrelevant regions. It remains unknown if alpha band activity plays a similar role 
during auditory working memory processing. In this study we applied whole-head 
magnetoencephalography (MEG) to investigate brain activity in a delayed-match- 
to-sample task (DMTS) including pure tones, non-harmonic complex tones and 
harmonic tones. The paradigm included a control condition in which no active 
auditory maintenance was required. We observed a bilateral increase in 5-12 Hz 
power during the perception of harmonic and non-harmonic complex tones compared 
to the control tone. During the maintenance period a left-lateralized increase in 5-12 
Hz was found for all stimuli compared to the control condition. Using a beamforming 
approach we identified the sources in left temporal regions. Given that fMRI, PET 
and lesion studies have identified right hemisphere regions to be engaged in memory 
of pitch, we propose that the 5-12 Hz activity serves to functionally disengage left 
temporal regions. Our findings support the notion that alpha activity is a general 
mechanism for disengaging task-irrelevant regions.
This chapter was adapted from: 
van Dijk, H, Nieuwenhuis, I.L.C., and Jensen, O (2010), Left temporal alpha band activity 
increases during working memory o f  pitches, European Journal of Neuroscience 31(9) 1701-07
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3.1 Introduction
During rest the human electroencephalogram (EEG) and magnetoencephalogram 
(MEG) are dominated by ~10 Hz or alpha oscillations. Recent proposals suggest that 
alpha activity reflects active inhibition (Klimesch et al., 2007) or plays a role in top- 
down attentional processesing (Palva et al., 2005; Sauseng et al., 2005b; Sauseng et 
al., 2005a; Palva and Palva, 2007).
Various studies support the notion that alpha activity reflects functional inhibition. 
For example, an inverse relationship was observed between alpha activity before a 
stimulus appeared and the detection ability of that stimulus (Ergenoglu et al., 2004; 
Thut et al., 2006; van Dijk et al., 2008); but see (Linkenkaer-Hansen et al., 2004; 
Babiloni et al., 2006)). Recent findings showed that alpha activity predicts upcoming 
motor errors (Mazaheri et al., 2009). Alpha activity lateralizes as a consequence of 
cued attention (Worden et al., 2000; Yamagishi et al., 2003; Kelly et al., 2006). The 
same is true for lateralized visuo-spatial working memory; alpha power increased 
in parieto-occipital areas ipsilateral to the hemifield where the memory item was 
presented (Medendorp et al., 2007). Additionally, a recent working memory study 
showed that alpha activity increased over dorsal areas when the ventral stream 
was engaged (Jokisch and Jensen, 2007). The ‘alpha inhibition hypothesis’ was 
additionally supported by the fact that alpha power increases parametrically with 
working memory load during retention (Jensen et al., 2002; Tuladhar et al., 2007). 
In sum, alpha oscillations seem to play an important role in visual working memory 
preventing task-irrelevant processes to interfere with the memory trace being 
maintained. Little is known about the role of alpha activity in working memory 
in other sensory modalities. Alpha activity has been observed in the sensorimotor 
system (Pfurtscheller and Neuper, 1994; Salmelin et al., 1995; Linkenkaer-Hansen 
et al., 2004) and the auditory system (Hari and Salmelin, 1997) as well. Tinnitus, 
a condition in which patients perceive sounds in the absence of corresponding 
external sound, is associated with a reduction in alpha activity in the temporal cortex, 
suggesting decreased inhibition of the area (Weisz et al., 2007). The tinnitus reduces 
when alpha activity is increased through neurofeedback (Dohrmann et al., 2007). 
While depression in alpha activity has been identified during retrieval (Kaufman et 
al., 1992; Rojas et al., 2000) less is know about alpha activity during retention of 
auditory information. Leiberg et al. (2006) showed that working memory retention of 
auditory presented syllables was related to an increase of alpha activity. Interestingly 
there was a parametric increase in alpha activity with memory load over right 
hemisphere structures. This could be a consequence of resource allocation devoted to 
the left hemisphere due to the linguistic nature of the information to be maintained.
We propose that the alpha inhibition hypothesis applies to the visual system as well 
as to other sensory modalities serving as a general mechanism used for the allocation 
of resources to the proper processes by inhibiting task-irrelevant irrelevant regions.
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In this study we investigate this hypothesis by studying the role of alpha activity in 
an auditory working memory for pitch.
3.2 Methods
Subjects Twelve right-handed participants were recruited (7 male and 5 female). 
They signed an informed consent form and had no history of hearing problems or 
neurological disorders. None of the subjects were professional musicians.
Task The experiment consisted of an auditory delayed-match-to-sample (DMTS) 
task in which the subjects had to remember the pitch of presented tones and a 
control task with no memory component (see Fig. 1). The sample stimulus (S1) was 
presented for 0.5 s. After a delay of 0.8 s the probe stimulus (S2) was presented for 
0.5 s. Subjects were instructed to press a button with the right or left index finger for 
matching (50%) and non-matching (50%) probes respectively. Three types of stimuli 
were used in the memory task; (1) Pure tones (PT) of three pitches, (2) missing 
fundamental (MF) tones of three pitches, and (3) three different non-harmonic (NH) 
complex tones. After a PT or an MF a PT was presented of which the subjects had to 
match the pitch. The pitch of a NH probe tone had to be matched to the NH sample 
(Fig. 1B). In the control task the sample was a high pitch (CT, 1500 Hz) after which 
a probe (of the same pitch) was presented only to the left or right ear (50% of the 
trials each). The high pitch indicated to the subjects that in this case they were not to 
remember the pitch of the sample but to press a button with their left or right index 
finger to indicate to which ear the probe was presented. The different stimuli were 
presented in randomized order. The four different conditions had the same number
A S1
0.5
S1
Pure Tone (PT)
Missing Fundamental (MF)
Non-Harmonic Tone (NH)
Control Tone
(CT, pure tone high pitch)
Time (s)
S2
1.3
S2
Pure Tone
Pure Tone
Non-Harmonic Tone
Left or Right Tone 
(pure tone high pitch)
1.80
B
Figure 1 Experimental Setup. (A) During a trial S1 was presented from 0 to 0.5 s and after a delay of 0.8 s S2 
was presented from 1.3 to 1.8 s. During a memory trial subjects were instructed to remember the pitch of S1 and 
compare that to S2. During a no-memory trial subjects were instructed not to memorize the pitch but report the 
side to which S2 was presented. (B) The S1 stimuli were pure tones (PT), missing fundamentals (MF) or non­
harmonic tones (NH). MF and PT S1s were followed by PT S2s and the N h  S1s were followed by NH S2s. The 
no-memory condition trials started with a high-pitch pure tone S1. The S1 was followed by a similar pitch S2 
that was presented either to the left or the right ear. (C) Graphical representation of the three different auditory 
stimuli that were used in this study. The PT was a tone of one (fundamental) frequency, this is perceived as the 
pitch of the tone (left). The MF lacked the fundamental frequency, however consisted of 4 frequencies with equal 
frequency distance (harmonic frequencies). This frequency distance is perceived as the pitch (middle). The NH 
consisted of 4 random frequencies (right). See Methods for more details.
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of trials. The subjects were instructed to fixate a cross presented in the centre of the 
visual field throughout the task. Visual feedback on performance was presented after 
each trial.
Stimuli The sounds were 16 bit, stereo sounds, with a cos*cos envelope (rise and 
decay time of 12ms)and a sample rate of 44100 Hz (Schulte et al., 2002). The three 
frequencies used in the DMTS task for the PTs were 200 Hz, 250 Hz or 333 Hz. 
The MFs were composed of the 4th to the 8th harmonics of the fundamentals of 200 
Hz, 250 Hz or 333 Hz, without the fundamentals themselves. The NHs consisted of 
frequencies corresponding to prime numbers within the frequency interval of the 
missing fundamental. The resulting range of presented frequencies was between 
1000 and 2000 Hz (Fig. 1C). The three different tones were specifically created for 
an investigation beyond the scope of this paper. For the no-memory task a pure tone 
of 1500 Hz was created. For the no-memory task a pure tone of 1500 Hz was created. 
All subjects were tested for their hearing threshold for each tone with a precision of 
about 1 dB. Stimuli were presented at 60 dB above hearing threshold. The stimuli 
were presented binaurally through air-conducting tubes with ear inserts. Presentation 
0.51 (Neurobehavioral Systems, Inc.) was used for stimulus presentation with a 
Creative SB live! Soundcard (ct4830, Creative Inc.). The subjects performed 96 
trials for 8 blocks resulting in 192 trials per stimulus condition.
Data acquisition Prior to data acquisition the subjects received a training of 
approximately 30 minutes. The training was finished when performance was at an error 
level less then 5 percent. MEG data were recorded using a whole head MEG system 
(151 axial gradiometers, VSM/CTF Systems, Port Coquitlam, British Columbia, 
Canada). Subjects were seated upright in the MEG system and were instructed to sit 
comfortably without moving, and to look at the stimulus screen. Before and after the 
recording session the head position of the subject was measured with respect to the 
MEG sensor array using localization coils fixed at anatomical landmarks (the nasion 
and at the left and right ear canal). A bipolar electro-oculogram (EOG) was recorded 
to discard trials with eye blinks offline. MEG data were low-pass filtered at 200 Hz 
and digitized at 600 Hz. Structural MR images were acquired using a 1.5 T Sonata 
scanner (Siemens, Erlangen, Germany). The MEG data were aligned to the structural 
MR data, according to the MEG coils at the anatomical landmarks.
Data Analysis The Matlab package Fieldtrip was used for data analysis (http:/www. 
ru.nl/neuroimaging/fieldtrip). This is an open source toolbox for neuro-physiological 
data analysis, developed at the Donders Institute for Brain, Cognition and Behaviour. 
Incorrect trials and trials contaminated by artifacts, such as sensor jumps or muscle 
activity, were rejected before further analysis.
Oscillatory power was estimated using a multitaper spectral estimation method 
(Percival and Walden, 1993). A frequency dependent sliding time-window was
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applied. The length of the window was 5 cycles, i.e. AT = 5/f (where f  was the 
frequency of interest). The data from each sliding time-window was multiplied with 
three orthogonal Hanning tapers. Subsequently the data were Fourier transformed 
and the power-spectral densities were averaged. This procedure resulted in estimates 
of oscillatory power with ± ~2f Hz frequency smoothing.
Before analyzing the power spectra at sensor level we computed a planar gradiometer 
representation of the data (Bastiaansen and Knosche, 2000). The planar field gradient 
approximates the signals measured by planar gradiometers. This is often advantageous 
in MEG signal processing because the strongest field of the planar gradient usually is 
situated above the neural sources (Ahonen et al., 1993). The vertical and horizontal 
components were estimated using the fields of each sensor and its neighboring
sensors. The absolute values of the horizontal and 
percent correct response vertical components after spectral analysis were
_  summed for each sensor location.
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Figure 2 Behavioral results.(A) Mean 
correct responses. Significant differences 
are displayed by the lines on the bars 
and their respective p-values are written 
on the lines. Subjects made more correct 
responses in the PT and CT conditions 
then in the MF conditions (p < 0.001).
(B) Mean reaction times for the different 
conditions. Significant differences are 
displayed by the lines on the bars and 
their respective p-values are written on the 
lines. Subjects were significantly slower 
in the MF condition then in the other 
conditions (p<0.001).
Dynamic Imaging of Coherent Sources (DICS), 
a frequency-domain adaptive spatial filtering 
algorithm (Gross et al., 2001) was applied to 
identify the neuronal source of interest. DICS has 
shown to be particularly useful when localizing 
oscillatory sources (Hillebrand et al., 2005; 
Liljestrom et al., 2005). The brain volume was 
discretized to a 3-D grid (5 mm spacing) and for 
each grid point a spatial filter was constructed 
from the cross-spectral density matrix of the whole 
trial MEG signals at the frequency of interest and 
the respective lead field. The multitaper method 
described above was used to estimate the Fourier- 
transformed data and the cross-spectral density 
matrix. The lead fields were calculated from a 
subject specific realistic single-shell model of the 
brain (Nolte, 2003). The spatial filters were then 
applied to the power of the Fourier transformed 
data for the frequency of interest and time of 
interest (i.e. stimulus or delay period) in order 
to optimally pass information of the location of 
interest while attenuating the activity from other 
regions. For sourceanalysis we used the true axial 
data and not the planar gradiometer data. Because 
the peak of the frequency spectra was at 10 Hz we 
focused our source analysis on this frequency.
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Statistical analysis Behavioral results were tested using a paired t-test. Differences 
between the conditions in the time-frequency and sources representations of power 
were statistically assessed using a non-parametric randomization method identifying 
clusters of sensors with significant changes. This effectively corrects for multiple 
comparisons over sensors in within subject comparison (Nichols and Holmes, 2002; 
Maris and Oostenveld, 2007; Medendorp et al., 2007). Clusters were defined as 
spatially contiguous sensors where the t-statistics with respect to power values in 
two conditions exceeded a prior threshold (p < 0.05). Note that the comparison based 
on t-statistics was used to identify sensors with effects exceeding a threshold for the 
subsequent cluster analysis; thus, the power values to be tested were not required 
to be normally distributed. The cluster-level test statistic was defined as the sum 
of the t-statistics of the sensors in a cluster. In a non-parametric statistical test, the 
Type-I error rate for the complete set of 151 sensors was controlled by evaluating the 
cluster-level test statistic under the randomization null distribution of the maximum 
cluster-level test statistic. This was obtained by randomly permuting the data between 
the two experimental conditions within every participant. By creating a reference 
distribution from 1000 random sets of permutations, the p-value was estimated as 
the proportion of the elements in the randomization null distribution exceeding the 
observed maximum cluster-level test statistic.
The difference in frequency power between conditions was first quantified within 
each subject over all trials by means of t-values which subsequently were converted 
to z-values (SPM2, http://www.fil.ion.ucl.ac.uk/spm). The variance was estimated 
over trials. This procedure served to normalize the power values and to reduce the 
contribution of subjects with large variance in the power estimates. The z-values 
were tested to be different from 0 over subjects using the non-parametric cluster- 
randomization routine in Fieldtrip described above (Maris and Oostenveld, 2007). 
The same statistical procedure was used for computing statistics on source-level. The 
statistical analysis focussed on 5-12 Hz because alpha oscillations originating from 
the temporal cortex seem to be a bit lower in frequency (6.5 to 9.5 Hz, Lehtela et al., 
1997), but wanted to include the classical alpha band as well.
For the purpose of giving a complete report the evoked response fields (ERFs) 
were computed using a 0.25 s baseline period prior to target onset and subsequently 
averaging the trials for each condition separately. The planar gradient was computed 
and statistics were performed using the cluster randomization method as described 
before, but without the z-transformation used for the frequency and source analyses. 
We compared the conditions with respect to the whole stimulation period similar to 
the frequency analysis. Note baseline corrections for the ERFs were done prior to 
combining the horizontal and vertical components.
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3.3 Results
In this study we investigated the role of 5-12 Hz band activity in an auditory working 
memory task. This was done by presenting three different auditory tones; a pure 
tone (PT), a missing fundamental tone (MF) and a non-harmonic tone (NH). In each 
trial the subjects were instructed to remember the pitch of the stimulus and match 
it to the pitch of the probe tone that was presented after a short delay of 0.8 s. As a 
control (CT), a condition with no memory component was included; and the subject 
has had to report whether the second stimulus was presented to the left or right ear.
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Figure 3 5-12 Hz activity is modulated by auditory working memory. (A) Topographical representations of the 
frequency results for the perception and retention period between 5 and 12 Hz. Displayed are the pseudo z-values 
of the contrast between the memory conditions (PT, MF and NH) and the no-memory control condition (CT). 
Significant clusters over subjects are depicted by the bold channel symbols. During the perception period PT 
shows no difference, while the MF and NH show a bilateral temporal increase compared to CT (p < 0.01 and 
p < 0.05 respectively). Globaly a left lateralized frontal- and central- to posterior increase was observed during 
the retention period. (B) The Time Frequency representations (TFRs, color code represents pseudo z-values) 
of the three memory conditions versus the no-memory control condition (CT). The TFRs that are displayed are 
measured at the channels represented by a white ‘o’ in the topographies. The time-frequency windows that were 
used for statistical analysis are represented by the black squares. The perception period in the left temporo-frontal 
channel (MLT31) showed an evoked response in the 5-12 Hz frequency range in all conditions. Later, during the 
retention period acitivity increased again in the same frequency range but more broadband and slightly shifted 
upwards. The left posterior channel (MLP31) showed an increase during the retention period. This increase was 
observed in the 5-12 Hz range but seemed to be more broad band in the posterior channel.
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The analysis focused on characterizing the difference in 5-12 Hz activity between 
conditions.
Behavioral results
The behavioral performance of the subjects was characterized in terms or error rates 
and reaction times (Figure 2). The error rate showed that the condition with MF was 
most difficult, NH was somewhat easier and CT and PT the easiest (Fig. 2A). The 
same pattern holds when performance was characterized by reactions times (Fig. 
2B).
The 5-12 Hz rhythm is modulated by pitch memory.
We subsequently characterized oscillatory activity during the stimulus and retention 
period in the auditory working memory task using a time-frequency analysis of power. 
We compared all memory-conditions to the no-memory control condition (CT). We 
primarily observed modulations in the 5-12 Hz band (Figure 3). During the stimulus 
period the topographies of the difference showed strong bilateral 5-12 Hz activity 
for the MF and NH conditions (p < 0.015). This effect was not observed for the PT 
condition. During the retention period an increase in 5-12 Hz band power was observed 
for all conditions but with a bias towards left sensors (p < 0.05). Figure 3B shows the 
time-frequency plots of two representative left channels. The black boxes represent 
the time-frequency windows that were used for statistical analysis. The left temporal
A S tim u lus B Retention
PT vs  CT
Figure 4 Source estimations o f  the modulated tau band activity. Locations mapped on a brain surface where 
the differences between the memory conditions (PT, MF and NH) and the no-memory control condition (CT) 
are estimated to originate. The data are masked by significance. Displayed are the z-values that were averaged 
over subjects (pseudo z-values). (A) The source estimations for the perception (0 - 0.5 s, 8 Hz), during which a 
bilateral increase was observed for the MF and NH conditions in the areas surrounding the primary auditory and 
auditory association areas (BA 41 and BA 42, MF: p < 0.001; NH: p = 0.03), and (B) the source estimations for 
the retention (0.8 - 1.2 s, 10 Hz) period. At this time increases were observed for all conditions, predominantly in 
the left hemisphere. Increases were localised to the left supramarginal gyrus (BA 22) and left inferior - (BA 20) 
and middle temporal (BA 21) lobe (PT: p = 0.008; MF: p = 0.006; NH: p = 0.015).
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sensor showed a short-lived increase in 5-12 Hz band power during the stimulus 
period that decreased fast and then reappeared during the retention period (Fig 3B, 
left). The increase during the retention period was observed in a broader frequency 
band than during the stimulus period and was shifted to slightly higher frequencies. 
In the left posterior sensors no increase was observed during sample stimulation 
(Fig. 3B right). During the retention period an increase was observed predominantly 
in the 5-12 Hz band. The posterior activity extended to higher frequencies as well. To 
summarize, we observed 5-12 Hz band activity during the presentation of complex 
auditory stimuli compared to when no stimulus had to be remembered. This activity
increased again during the retention 
interval biased towards left (temporal)
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To determine which brain regions 
are involved in producing the 5-12 
Hz activity we estimated the sources 
applying a beamformer technique. 
This allowed us to compare the sources 
of the memory conditions to the no­
memory (CT) condition. During the 
sample period we used a frequency 
of interest of 8 ± 2 Hz. Figure 4 (left 
column) shows the results of these
Figure 5 Event-related fields (ERF) are modulated 
by auditory working memory. (A) Event related 
fields (planar gradient, see methods) for all (S1) 
conditions for a left representative channel (MLT13) 
and a right representative channel (MRT13). The 
gray colums represent the timewindows that were 
used for statistical analysis over the perception 
(0 - 0.5 s) and retention (0.8 - 1.2 s) periods. All 
conditions showed an evoked response (mN1) 
during presentation of the S1 and an increase 
of the ERF during the retention period. During 
presentation of S2 a second evoked response was 
observed. The ERFs that are displayed here are 
measured at the channels represented by a white 
‘o’ symbol in the topographies. (B) Topographical 
representations of the ERF differences of all 
memory conditions (PT, MF and NH) versus 
the no-memory control condition (CT) during 
the perception (left) and retention (right) period. 
Significant clusters over subjects are depicted by 
the bold channel symbols. The nM1 of the MF and 
NH conditions show a bilateral difference (p <0.05) 
while the PT shows a small right anterior cluster (p 
= 0.047). During the retention period all conditions 
show a bilateral difference in temporal- as well as 
posterior parietal channels (PT: p < 0.01; MF p < 
0.001; NH: p < 0.001).
A
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source estimations. During the PT stimulus no difference was observed with respect 
to the CT condition, as could be expected from the sensor analysis. The MF and NH 
both showed a strong increase in ~8 Hz power (p < 0.001 and p = 0.003 respectively). 
This increase was observed in a broad region around the primary auditory and 
auditory association cortex. This region included predominantly the angular gyrus, 
the supramarginal area and the caudal part of the superior temporal lobe (Wernicke’s 
area). Additionally, in the left hemisphere an increase was observed in the inferior 
and middle temporal gyrus.
During the retention period we calculated the source estimates using a frequency of 
interest of 10 ± 2 Hz (Figure 4, right column), because this frequency showed a peak 
in the spectrum. During the retention period all conditions showed a strong increase 
in ~10 Hz activity (PT: p = 0.008; MF: p = 0.006; NH: p=0.015) when compared 
to the control condition (CT). This increase was observed predominantly in the 
left hemisphere. The increase was dominated by a source into the left caudal 
temporal cortex including inferior and middle temporal gyrus and extending into 
the supramarginal gyrus. The MF showed an additional increase in the primary 
auditory and auditory association cortex including the caudal part of the temporal 
cortex extending down to the fusiform gyrus. To summarize, the three sample 
stimuli generally caused increases in the 8 Hz activity in bilateral auditory areas 
during stimulus presentations. Interestingly, during the retention period the activity 
increased again peaking at ~10 Hz and was found in predominantly left auditory 
areas and angular gyrus.
3.4 Discussion
We examined ~10 Hz activity during auditory working memory retention. In a 
DMTS task, we randomly presented one of three different types of tones of which 
the pitch had to be matched to that of a second tone that was presented after a short 
retention period. During the retention period we observed an increase in 5-12 Hz 
activity for all memory conditions compared to the CT condition. The differences 
were dominated by sources in the left temporal lobe around auditory cortex and the 
angular gyrus. The results were similar for all three memory conditions compared to 
the CT condition. We conclude that pitch memory results in an alpha increase in left 
hemisphere including auditory areas.
This supports the notion that functional inhibition by ~10 Hz oscillatory activity is a 
global mechanism.
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5-12 Hz activity during working memory retention reflects functional inhibition of 
the left auditory areas
We propose that the left lateralization of the ~ 10 Hz activity occurs as a result of 
functional inhibition of the left auditory areas in order to facilitate the retention of the 
pitches, since a majority of studies show that pitch memory predominantly rely on 
the right hemisphere. Studies of pitch memory have generally been associated with 
activation of right auditory areas using PET and lesion studies (reviewed in (Zatorre, 
2001; Peretz & Zatorre, 2005)). TMS over right hemispheric dorsolatero-frontal and 
inferior parietal regions was found to interfere with pitch memory in an N-back 
task (Imm, 2007). Additionally, studies of tone deafness show structural cortical 
variations within a right-hemispheric network for pitch pattern analysis and pitch 
memory (reviewed in Griffiths, 2008). Interestingly, as in our study, left hemispheric 
activity was also found to be involved in pitch memory using fMRI (Gaab & Schlaug, 
2003). A tDCS study inflicting left supramarginal stimulation was found to disturb 
pitch memory performance. tDCS is assumed to interfere with neuronal processing 
(Vines et al., 2006). These finding shows that the left hemisphere does indeed play an 
important role in pitch memory. In their interpretation Vines and colleagues assign 
a functional role to the supramarginal gyrus in pitch memory. We propose to the 
contrary, that the tDCS stimulation disrupted the ~10 Hz activity that was serving to 
functionally inhibit this areas.
Our source analysis revealed that only the MF condition showed an increase of 
~10 Hz band activity in the primary auditory and auditory association cortex. Since 
MF processing has been found to heavily rely on the right superior temporal gyrus 
(Zatorre, 1988) to extract the fundamental frequency this supports the hypothesis 
that the left superior temporal gyrus is inhibited to prevent irrelevant information to 
interfere and allocate resources to the right hemisphere. An alternative explanation 
of this apparent increase could be that 5-12 Hz band activity increased more for the 
MF condition since it was the most difficult condition. This is also reflected in the 
lowest percentage correct and highest reaction times. In this case we propose that 
the left 5-12 Hz band activity reflects functional inhibition of the left auditory cortex 
to support mental replay or imagery of the pitch to be remembered in right auditory 
cortices. This is consistent with findings that pitch imagery is associated with right 
temporal activity (Herholz et al., 2008). Our findings seem inconsistent with the 
findings of Leiberg and colleagues (Leiberg et al., 2006a). They used a Sternberg task 
in which they find an increase of right lateralized alpha band activity with an increase 
of memory load. However, note that there is an important difference between the 
stimuli used. While we were using pitches Leiberg and colleagues (Leiberg et al., 
2006a) were using syllables. The hemispheric specialization for language related 
stimuli seems to be opposite to that of pitch stimuli. In that light the study supports 
the functional inhibition hypothesis, for language is known to be associated with 
left hemispheric activation (Galaburda et al., 1978). Therefore, the right in stead of
40
3 Alpha band activity increases with auditory working memory
the left hemisphere needs to be functionally inhibited to memorize language-related 
items.
In our study we were not able to investigate the influence of alpha power modulations 
in the auditory cortex on behavioral performance because performance was near 
ceiling level. However, regarding the functional inhibition hypothesis it would be 
interesting to address the question whether for example left temporal increases in 
alpha power are beneficial for performance in future research using a design that 
allows for reaction time measurements or errors in performance.
Is the left temporal alpha 5-12 Hz activity the tau-rhythm?
Tiihonen et al. were the first to propose that the temporal ~10 Hz activity was a 
distinct rhythm from the posterior alpha- and sensorimotor mu rhythms (Tiihonen 
et al., 1991). The oscillatory activity was named the tau rhythm. It is independent 
from closing and opening the eyes and of clenching the fist. The tau sources were 
found in the temporal cortices clustering near to the sources of the auditory evoked 
responses, suggesting an origin close to supratemporal auditory cortex (Hari et al., 
1997; Lehtela et al., 1997). We suggest that the oscillatory activity observed in the 
present study can be interpreted as the tau rhythm, given the similar frequency range 
and source locations. This rhythm is independent from the alpha and mu rhythm, but 
seems to play a similar functional role by being involved in allocating resources in 
auditory areas.
5-12 Hz increase during stimulus presentation most likely reflects the N100m
The results show an increase of low alpha band (5-12 Hz) activity during the 
presentation of the first stimulus for the MF and NH condition compared to the CT 
condition. The peak of this increase is at 100 ms after stimulus onset which suggests 
that the 5-12 Hz activity in this time-window reflects the oscillatory component of 
the N100m. This is supported by the similarity of the topographies of the frequency 
(Fig 3A) and the ERF (Figure 5B) results. Additionally, the results of our sources 
includes those that have previously been found for the N100 using EEG and MEG 
(Jin et al., 2008; Dimitrijevic et al., 2009). We observed no difference between the 
PT and CT. This could be explained by the fact that both tones consisted of only one 
frequency. The frequency difference between the PT (200Hz, 250 Hz and 333 Hz) 
and the CT (1000 Hz) tones did not influence the 5-12 Hz or ERF results. This is 
consistent with a recent finding that frequency changes do not influence the N100 
(Dimitrijevic et al., 2009). The MF and NH consisted of four frequencies which lead 
to an increase of the N100m and the 5-12 Hz response during stimulus presentation.
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To conclude, in this study we used an auditory DMTS task to investigate whether 
the alpha rhythm is modulated by auditory working memory. Using three distinct 
auditory stimuli of which subjects were instructed to remember the pitch, we have 
shown that 5-12 Hz band activity is robustly increased during auditory working 
memory retention. This increase was specific to the left hemisphere. We suggest this 
reflects ‘functional inhibition by alpha’ and therefore propose that the alpha band 
rhythm is a general mechanism broadly implemented in the brain.
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Chapter 4
Modulations in oscillatory activity 
with amplitude asymmetry can 
produce cognitively relevant 
event-related responses
4 Modulations in oscillatory activity produce ERFs
Summary
Event-related responses and oscillatory activity are typically regarded as 
manifestations of different neural processes. Recent work has nevertheless revealed 
a novel mechanism by which slow event-related responses are created as a direct 
consequence of modulations in brain oscillations with non-sinusoidal properties. It 
remains unknown if this mechanism applies to cognitively relevant event-related 
responses. Here we investigated whether sustained event-related fields (ERFs) 
measured during working memory (WM) maintenance can be explained by 
modulations in oscillatory power. In particular we focused on contralateral delayed 
activity (CDA) typically observed in working memory tasks in which hemifield 
specific attention is manipulated. Using MEG we observed sustained posterior ERFs 
following the presentation of the memory target. These ERFs were systematically 
lateralized with respect to the hemisphere in which the target was presented. A 
strikingly similar pattern emerged for modulations in alpha (9-13 Hz) power. The 
alpha power and ERF lateralization were strongly correlated over subjects. Based 
on a mechanistic argument pertaining to the non-sinusoidal properties of the alpha 
activity, we conclude that the ERFs modulated by WM are likely to be directly 
produced by the modulations in oscillatory alpha activity. Given that posterior alpha 
activity typically reflects disengagement we conclude that the CDA is not due to an 
additive process reflecting memory maintenance per se but rather it is a consequence 
of how attentional resource are allocated.
This chapter was adapted from: 
van Dijk, H, van der Werf, J., Mazaheri, A., Medendorp, W.P. and Jensen, O (2010),
Modulation in oscillatory activity can produce cognitively relevant event related responses, 
Proceedings of the National Academy of Sciences USA, 107(2): 900-5
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4.1 Introduction
Non-invasive electrophysiological recordings in the human brain are typically carried 
out by using either electroencephalography (EEG) or magnetoencephalography 
(MEG). In cognitive studies, data from these techniques are either studied by means 
of event-related responses or by modulations in oscillatory power (Makeig et al., 
2004a). Event-related responses are recorded by averaging 30 or more trials time- 
locked to a given stimulus, assuming that oscillatory brain activity that is not phase- 
locked to the stimulus is ‘averaged out’. To determine task related modulations in 
oscillatory activity the power is first calculated for each trial separately and then 
averaged. This allows for quantifying stimulus induced changes in oscillatory 
activity. The relationship between event-related responses and oscillatory activity 
remains a fundamental question in human electrophysiological research (1).
Recently, it was reported that human oscillatory activity in the alpha band has 
‘amplitude fluctuation asymmetry’ (Nikulin et al., 2007; Mazaheri and Jensen, 2008). 
This refers to a non-sinusoidal property implying that amplitude changes are reflected 
stronger in the peaks than the troughs of the ongoing oscillations (or vice versa). As 
a consequence the signal distribution is skewed such that the mean co-varies with 
magnitude. This finding challenges the dogma that oscillations are ‘averaged out’ 
when event-related responses are calculated. Indeed, Mazaheri and Jensen (2008) 
demonstrated empirically that stimulus induced asymmetric amplitude modulations 
of alpha band oscillations could produce slow event-related responses. While this 
finding provided a proof-of-principle, we here test if  the proposed mechanism can 
explain the emergence of event-related responses reflecting cognitive processing.
Figure 1. The working hypothesis explaining 
how slow ERFs are created by modulations 
in alpha pow er with asymmetric amplitude 
properties. (A) The target stimulus is 
presented in the left hemifield at t = 0 s. 
Only MEG signals measured over the left 
hemisphere are considered. Alpha activity 
is slightly increased with respect to the 
stimulus onset over multiple trials. (B) The 
stimulus is presented in the right hemifield 
resulting in strong alpha suppression over 
multiple trials. (C) The ERFs. Due to the
asymmetric amplitude modulations the
oscillatory alpha activity is not ‘averaged 
out’: only the peaks of the oscillations 
are modulated, not the troughs. As a 
consequence, the systematic modulation 
in alpha power produces a slow sustained 
field. The stronger the modulation, the 
stronger the magnitude of the field. 
In short, we hypothesize that working 
memory retention resulting in lateralized 
alpha power modulation would produce 
sustained lateralized ERFs: the CDA.
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— Right stim
t = 0
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Figure 2. Description of the working 
memory task. After a baseline period of 
1.5 s, a visual stimulus was presented 
in the peripheral left or right hemifield 
for 0.1 s. Subjects were instructed to 
remember the position of the visual target. 
At 1.6 s after stimulus onset the fixation 
cross disappeared and the subjects were 
instructed to make a saccade towards the 
remembered target position.
Event-related potentials with a slow time course have been reported to be modulated by 
a wide range of cognitive tasks (Niedermeyer, 2004). While there are a few proposals 
for how slow responses are generated, the underlying physiological mechanism 
remains largely untested (Birbaumer et al., 1990). Research on visuo-spatial working 
memory has revealed important slow sustained event-related responses which reflects 
memory maintenance and load (Vogel and Machizawa, 2004). These responses are 
lateralized depending on whether the remembered stimulus is presented in the left 
or the right hemifield and it is termed contralateral delayed activity (CDA). Other 
studies have shown hemifield specific lateralized activity in the alpha band in both 
attention and working memory tasks. In these tasks the alpha power is suppressed in 
the hemisphere contralateral to the attended stimulus (Worden et al., 2000; Medendorp 
et al., 2007; Van Der Werf et al., 2008). Here we hypothesize that such lateralizations 
is the mechanism underlying sustained event-related responses due to the fact that the 
alpha activity during retention has amplitude fluctuation asymmetry. For example, 
when the stimulus is presented in the left hemifield there is a slight increase in alpha 
activity in a left posterior sensor (Fig 1A). When the stimulus is presented to the right,
the alpha reduction is strong (Figure 
1B). Given that only the peaks of 
the oscillations are suppressed while 
the troughs remain unchanged, the 
resulting sustained evoked responses 
would show a stronger magnitude for 
right compared to left stimuli (Fig 
1C, D). To test this hypothesis we 
analyzed MEG data from a spatial
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Figure 3. ERFs during the retention interval. (A) 
Grand average ERFs for target stimuli presented 
in the left (blue) and right (red) hemifield. The 
ERFs were averaged for the left sensors showing 
significant difference between left and right 
target stimuli. (B) Difference in ERFs (left - right 
stimulus) for the left and right significant sensors.
(C) The topography of the difference in ERFs 
during the retention period (0.2 -  1.2 s). Clusters 
of sensors being significantly different are marked 
by dots (left sensors: p = 0.016; right sensors: p 
= 0.022).
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working memory task in which subjects remembered the location of stimuli presented 
in the left or right visual field. The event-related fields (ERFs), modulations in alpha 
power and amplitude asymmetry were characterized during the memory interval. We 
found that both alpha power modulation and amplitude asymmetry correlated with 
the ERFs. This demonstrates for the first time a case in which a cognitively relevant 
evoked response, the CDA, is likely to be produced by changes in oscillatory brain 
activity.
4.2 Results
To study the relationship between posterior alpha activity and ERFs we conducted a 
standard working memory experiment in which subjects had to memorize a spatial 
target location for a short time period (Goldman-Rakic, 1996). We recorded the 
electrophysiological signals using MEG from 18 subjects performing this task. The 
target stimulus was presented either in the left or the right hemifield. After 1.6 s 
subjects were instructed to make a saccade towards the remembered location (Figure
2).
ERFs are lateralized by working memory 
Based on the electrooculogram (EOG) 
recordings we selected the trials in which 
subjects followed the task instructions, i.e. 
saccades were made correctly after the target 
stimuli. Reaction times for the saccades were 
212 ± 72 ms (SEM). First, we characterized 
the ERF of the combined planar gradient in 
response to the target stimuli. The grand­
average demonstrated strong sustained ERFs 
in posterior sensors (Figure 3). In sensors 
overlying the left hemisphere, the magnitude 
of the fields was higher for targets presented in 
the left than right hemifield (Figure 3A). The 
reverse was observed in sensors overlying the 
right hemisphere (Figure 3B). The topography
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Figure 4. Time-frequency representations (TFRs) o f  power 
during the retention interval. (A) The TFRs for the left 
target stimuli. Data shown for left and right sensors (left and 
right panels respectively) marked in (D). (B) TFRs for right 
target stimuli. Data is shown for left and right sensors (left 
and right panels respectively) marked in (D). (C) Difference 
TFRs (left minus right stimuli) for left and right sensors (left 
and right panels respectively). (D) Topography of the alpha 
alpha power band (9-13 Hz; 0.2 -  1.2 s) power with respect to left minus
-0.1 [§(fT/cm')2/Hz 0.15 right target stimuli. The dots mark two clusters of sensors
with significant differences (left: p = 0.0333; right: p=0.007).
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Figure 5 Alpha band pow er characteristics (A) 
Frequency spectra and (B) alpha band power 
time evolution for the left and right channel 
clusters that show significant differences in 
the frequency domain, between left and right 
stimulus memory.
of the lateralized ERFs revealed a signific ¡ain't difference in left (increase) and right 
(decrease) parieto-occipital sensors (p = 0.016 and p = 0.022 respectively, Figure 
3C). Thus, we found that our paradigm induced sustained working memory related 
ERFs which are lateralized with respect to the presentation of the target: the CDA.
Alpha band power is lateralized by working memory
Next we investigated modulations in oscillatory power with respect to the target 
stimuli. Time-frequency analysis of power revealed a strong modulation in alpha 
activity over parieto-occipital sensors during the delay period (Figure 4). When the 
target was presented in the left hemifield, the left sensors showed an increase in alpha 
band power, while the right sensors showed a decrease (Figure 4A). The reverse 
pattern was observed when the target was presented to the right (Figure 4B). Again, 
we defined laterality as the difference between power for right and left hemifield 
stimuli (Figure 4C). We found a posterior distribution with significant power 
enhancements in the ipsilateral hemisphere (left cluster, p = 0.033; right cluster, p = 
0.007). These results demonstrate a strong lateralization in alpha band activity with 
respect to the hemifield of the target stimulus.
The lateralizations o f the ERFs and alpha activity are highly correlated
The sustained ERFs and the alpha power enhancements are both lateralized during the 
retention of a visuo-spatial memory-item, with strikingly similar scalp topographies 
(compare Figure 3C and Figure 4D). Additionally, the sustained ERFs and alpha 
power modulations seemed to follow a similar time course (compare Figures 3A and 
Figure 5B). We quantified the relationship between modulations in ERF amplitudes 
and alpha power by a correlation analysis (see Methods). This revealed a highly 
significant correlation over subjects between ERFs and alpha power modulation over 
posterior areas (Figure 6A, r = 0.98, p < 0.001). Subsequently, we compared the 
time-course of the alpha band and ERF amplitude for the entire period of -0.2 s 
to 1.2 s by correlating the values for 15 time-points in all subjects (see Methods). 
The correlation was highly significant in a representative left and right sensor (p <
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Figure 6. Relationship between the sustained ERF and the modulation in alpha power. (A) Correlation over 
subjects of differences in ERFs and alpha power modulations (left minus right target stimuli) for a left and a 
right sensor (left and right panel respectively). The correlations were highly significant (left, right : p < 0.0001; 
Spearman test Bonferoni corrected with respect to number of sensors). The topography (middle panel) of the 
correlation coefficients. (B) Correlation over subjects between the time-course resolved ERFs and alpha power 
modulations (left minus right target stimuli) for a left and right sensor (left and right panel respectively). The 
topography (middle panel) of the correlation between the difference in time-courses for ERFs and alpha power 
modulation.
0.001, Figure 6B, left and right). The strong correlation between lateralized sustained 
ERFs and lateralized alpha band power strongly suggest that they reflect the same 
mechanism.
0
Lateralized amplitude asymmetry
We then proceeded to quantify the degree of ‘amplitude fluctuation asymmetry’ in the 
alpha band by calculating the AFh.ndex during retention. This measure estimates the 
amplitude modulations of the peaks of oscillatory activity relative to the modulations 
of the troughs (see Methods). Note that this measure is independent of the DC offset 
of the signal (see (Mazaheri and Jensen, 2008); Figure 2). As shown in Figures 7A, 
the AFA.ndex spectra have strong peaks in the alpha and beta band over posterior 
sensors. This clearly demonstrates that amplitude fluctuation asymmetry is present 
in the alpha band during the retention of the spatial target. The alpha band AFAindex 
was strongest in left sensors when the target was presented in the left hemifield while 
the reverse pattern was observed in right sensors (Figure 7A). This was confirmed 
by the topographies of the AFh.ndex values (Figure 7B). For the difference between 
the two conditions (left minus right target), the AFA.ndex shows a lateralized posterior 
parieto-occipital distribution (left cluster, p = 0.012, right cluster, p = 0.002; Figure 
7B) similar to both the alpha band oscillatory activity (Figure 4D) and the ERFs
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Figure 7. The amplitude asymmetry calculated 
during the retention interval (0.2-1.2 s). (A) The 
frequency spectra of the amplitude fluctuation 
asymmetry index (AFAindex) for the left (blue) 
and right (red) target for a left posterior sensor 
(MLO11) with maximum 10 Hz AFA. , and av 7 index
right sensor (MRO12). (B) Topography of the 
AFA. , in the alpha band for the differenceindex
between the conditions (left minus right target 
stimuli). The dots depict the clusters of sensors 
with significant differences (left: p=0.012; 
right: p=0.002). These sensors were used for the 
spectra in (B).
AFAindex
(Figure 3C)
Amplitude asymmetry correlates with the production o f ERFs
Finally we quantified the correlation between the AFA , and ERF modulations overJ 1 index
subjects. Figure 8A and 8C show a correlation for a left and right sensor (MLO22: r 
= 0.63, p = 0.008; MRO33: r = 0.47, p = 0.046). The topography of the correlation 
coefficients revealed a posterior distribution. Note that the sensors in which the 
correlations are significant correspond to the group of sensors in which there was 
the strongest correlation between alpha and ERF lateralization (Figure 6A). The 
correlation between sustained lateralized ERFs and the amplitude asymmetry even 
further supports the case that the ERFs are produced by modulations in alpha band 
power.
Considering the additional peak of the AFh.ndex in the beta band (15-25 Hz; Figure 
7A), we explored the relationship between ERFs and beta power modulations (see 
Supplementary Figure 3). We did identify systematic changes in beta lateralization 
with regard to the hemifield of the target; however the magnitude of AFAindex 
modulation was much less than that of the alpha band (Figure 9B). The beta band 
activity could potentially be explained as a harmonic frequency resulting from the 
alpha band activity. Using a partial correlation analysis we found no correlation 
between beta band power and ERF lateralization when controlling for the alpha 
band power (Figure 9C). However, the correlation between alpha band power and 
ERF lateralization when controlling for the beta power (Figure 9B) remained. We 
conclude that the lateralization in ERFs is primarily caused by power modulations in 
the alpha band and is not like to be explained by either harmonics or physiological 
effects in the beta band.
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Figure 8 Correlation over subjects between the differences (left - right stimulus) in sustained ERFs and the 
differences in absolute alpha amplitude asymmetry (AFAindeJ  during retention. Correlations for a left (A) and 
a right (C) sensor (left: r = 0.63, p< 0.008; right: r = 0.47, p< 0.046). (B) The topography of the correlation 
coefficients.
4.3 Discussion
In the present study we demonstrated that sustained ERFs related to working memory 
maintenance are likely to be explained by modulations of oscillatory activity in the 
alpha band. We identified contralateral delayed activity in posterior ERFs with respect 
to target stimuli presented in the left or right hemifield which was strongly correlated 
(spatially and temporally) with hemispheric lateralization of alpha band power. A 
measure of the amplitude asymmetry (the AFAindex) revealed amplitude fluctuation 
asymmetry in the alpha band over posterior areas. The AFh.ndex correlated with ERF 
lateralization as well. It was previously proposed that systematic modulations in 
oscillatory activity with amplitude asymmetry constitute a mechanism for generating 
ERFs/ERPs (Nikulin et al., 2007; Mazaheri and Jensen, 2008). We have now found 
even stronger support for this mechanism and demonstrate for the first time that it 
can account for the generation of cognitively relevant ERFs.
The sustained ERFs are likely to reflect functional inhibition
While the results of the present study strongly suggest that the measured slow ERFs 
are produced by modulations in oscillatory power, this does not bring into question 
the results of previous ERP/ERF research. Rather our findings provide a new 
interpretation for the function of slow ERFs/ERPs. Conventionally ERFs or ERPs 
are seen as additive brain responses which reflect engagement of working memory 
networks. Our findings suggest that the slow ERFs/ERPs reflect a modulation in 
background oscillatory power, predominantly in the alpha band. Alpha activity 
has recently been interpreted to reflect functional disengagement of task-irrelevant 
regions thereby allocating computational resources to task-relevant regions 
(Klimesch, 1999; Palva and Palva, 2007). This is based on the observation that alpha 
activity increases with working memory load during retention in areas not required 
for working memory maintenance (Jensen et al., 2002; Jokisch and Jensen, 2007).
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Figure 9 Exploration o f  beta band contribution to slow ERFs. (A) TFRs of the difference between left and right 
target stimulus for a left (left) and a right (right) sensors that demonstrated a beta peak in the AFA.ndex (Figure 
6A and 6C). The topography (middle panel) of the difference in beta band power with respect to left and right 
target stimuli showed a clear lateralization. The dots represent the sensors for a cluster that showed a significant 
difference. (B) Alpha band and beta band power time courses for the sensors from (A). (C) Partial correlation 
for the alpha band lateralization and ERFs lateralization corrected for the beta band correlation (left) and for the 
beta band power and slow ERFs corrected for the alpha band correlation (right). Dots represent the sensors that 
showed a significant correlation (Bonferoni corrected). The ERF lateralization correlated with the alpha band 
lateralization even when correct for the contribution from the beta band. This excludes that the modulations in 
event related fields are produced by effect in the beta band such as harmonics.
Furthermore, as also demonstrated in this study, alpha band power increases in the 
hemisphere that is less relevant for the task at hand (Worden et al., 2000; Medendorp 
et al., 2007). Intracranial animal recordings have demonstrated that neuronal firing 
is constrained to a fraction of the alpha cycle (Bollimunta et al., 2008; Lorincz et al., 
2009). We conclude that the slow ERFs producing the CDA observed in the current 
study are reflecting functional inhibition/disengagement and not an active working 
memory process. The same interpretation might hold for the spatial working memory 
related lateralized ERPs reported by Vogel and colleagues (Vogel and Machizawa, 
2004; Vogel et al., 2005). Interestingly, Drew and Vogel (Drew and Vogel, 2008) 
recently observed a very similar CDA during a spatial tracking task. These findings 
support the notion that CDA reflects a general mechanism for allocation of resources 
rather than memory maintenance per se.
Physiological mechanism
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Previously it has been proposed that the evoked response was either generated by 
an additive mechanism or by phase-resetting of ongoing oscillations (Penney et al., 
2003; Makeig et al., 2004b; Shah et al., 2004). The mechanism we here embrace 
explains ERFs by modulations in power of oscillatory activity that has amplitude 
asymmetry. The physiological mechanism proposed by Mazaheri and Jensen (2008) 
explains asymmetric oscillations based on the accepted notion that the magnetic 
fields measured by MEG are produced mainly by intracellular dendritic currents 
in pyramidal cells (Hamalainen, 1993). The key argument is that the dominating 
currents measured by MEG are dendritic running from the distal synapses to the 
soma i.e. in one direction. The measured alpha band activity might therefore be 
a consequence of bouts of synaptic activity producing inward dendritic currents 
every 100 ms. It is the modulation of the magnitude of these bouts that produces the 
amplitude fluctuation asymmetry which yields the CDA. Thus the current findings 
provide important insight into the physiological substrate of the CDA.
Do power modulations o f oscillatory activity with amplitude asymmetry causally 
predict the emergence o f slow evoked components?
One might ask if the generation of slow evoked responses is a causal consequence of 
modulations in oscillatory activity or if  it could be explained by a co-modulation of 
a third origin? First, it should be stressed that systematic modulations in oscillations 
with amplitude asymmetry inevitably will result in the generation of evoked 
responses (Figure 1). Since the oscillatory activity we observe has both amplitude 
asymmetry and is systematically modulated, slow evoked components are bound 
to emerge. Second, the correlation over subjects between lateralization in evoked 
responses and alpha activity was very strong (r = 0.98; p < 0.001; Figure 6). Thus, 
the simplest explanation is that the slow lateralized ERFs are a direct consequence of 
oscillatory modulations in the alpha band. This causal explanation could be tested by 
pharmacological manipulations modulating the posterior alpha activity (Ahveninen 
et al., 2007). The lateralization in alpha activity is most likely a consequence of a 
slow top-down drive involving regions in the intraparietal sulcus and frontal eye 
field (Capotosto et al., 2009). This drive might be produced by the entrainment of 
slow delta oscillations determining the excitability of parieto-occipital regions in 
relation to the components of the task (Lakatos et al., 2008; Schroeder and Lakatos, 
2009). In this study we did not investigate the electrophysiological correlate of such 
a top-down drive beyond the alpha power modulation.
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Does the mechanism generalize to other frequency bands or cognitive functions?
While the current study has focused on amplitude asymmetry of posterior alpha 
activity, the phenomenon might generalize to other brain regions and frequency bands 
(Mazaheri and Jensen, 2008). For instance, amplitude asymmetry of the ~10 Hz 
somatosensory mu-rhythm has been reported (Nikulin et al., 2007). Other candidates 
could be theta oscillations (5-9 Hz; working and long-term memory (Klimesch, 
1999; Jensen and Tesche, 2002; Fell et al., 2003b; Raghavachari et al., 2006)), 
beta band oscillations (15-25 Hz; motor (Hari and Salmelin, 1997) and language 
tasks (Bastiaansen and Hagoort, 2006)) or gamma band activity (40-200 Hz; visual 
attention (Fries et al., 2001; Fell et al., 2003a) and working memory (Tallon-Baudry 
et al., 1998; Jokisch and Jensen, 2007; Van Der Werf et al., 2008)). Future work is 
required in order to investigate which frequency bands have oscillatory activity with 
amplitude asymmetry that might explain the generation of evoked responses.
Many of the reported amplitude modulations in ERPs/ERFs in cognitive paradigms 
are associated with slow evoked components. This is the case for long-term memory 
encoding (Takashima et al., 2006) and retrieval (Rugg et al., 1998). In the domain of 
language research, slow ERP effects have been found in relation to syntactic violations 
(Hagoort and Brown, 2000; van den Brink and Hagoort, 2004). In motor research 
slow ERPs increasing in anticipation of movements have been reported (Walter et 
al., 1964). It would be of great interest to investigate to what extent modulations of 
oscillatory power can account for some of these phenomena.
Conclusion
We have shown that modulations of oscillatory power with amplitude asymmetry in 
the alpha band can produce cognitively modulated ERFs in a working memory task. 
Our findings point to a general mechanism for producing evoked responses which is 
likely to extend beyond the realm of working memory and alpha band activity.
4.4 Experimental procedures
The data used in this study have been published previously (Van Der Werf et al., 
2008) but for a different purpose. Here we mainly describe the experimental details 
relevant for the current analysis.
Participants Eighteen healthy subjects (3 female, 15 male; mean age 26 +/- 3 years), 
free of any known sensory, perceptual, or motor disorders volunteered to participate 
in the experiment. All subjects provided written informed consent according to 
institutional guidelines of the local ethics committee (CMO Committee on Research 
Involving Human Subjects, region Arnhem-Nijmegen, the Netherlands).
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Stimuli and Design Visual stimuli were generated with Presentation 9.10 software 
(Neurobehavioral Systems Inc., Albany) and presented using a LCD video projector 
(SANYO PROxtraX mutiverse, 60 Hz refresh rate) and back-projected onto the 
screen using two front-silvered mirrors. Subjects were instructed to fixate on a 
centrally presented white cross on a black screen during a period of 1.5 s. As a 
target, a peripheral white dot was presented for 0.1 s to the left or right of the visual 
fixation cross, at a random visual eccentricity between 9° and 18° and restricted 
between a -36° and 36° elevation angle relative to the central fixation cross. After a 
delay of 1.6 s the fixation cross disappeared which instructed the subjects to make 
a saccade towards the remembered location of the target (See Fig. 2). The fixation 
cross appeared again after 0.3 s as indication for the subject to fixate at the centre of 
the screen until the end of the trial. Each trial lasted 4 s.
Data Recording and Analysis Data were recorded using a whole head MEG system 
(151 axial gradiometers, VSM/CTF Systems, Port Coquitlam, British Columbia, 
Canada). Subjects were seated upright in the MEG system and instructed to sit 
comfortably without moving. Before and after the recording session the head 
position was measured with respect to the MEG sensor array using localization coils 
fixed at anatomical landmarks (the nasion and at the left and right ear canal). Bipolar 
electro-oculograms (EOGs) were recorded to check subjects gaze behavior and 
discard trials with eye blinks offline. MEG and EOG data were low-pass filtered at 
300 Hz and digitized at 1200 Hz. Before the actual measurements, the EOG signal 
was calibrated using a 9-point calibration grid. Eye movement recordings in all 18 
subjects confirmed that they performed the task correctly. Trials in which subjects 
broke fixation, made saccades in the wrong direction or blinked the eyes during 
the trial, were excluded from further analysis. Additionally, trials contaminated 
with muscle activity or sensor jumps, were excluded from further analysis. In total 
we included 120 ± 18 trials for left hemifield targets and 118 ± 20 trials for right 
hemifield targets in the analysis.
For evoked response field (ERF) analysis the data were low pass filtered at 80 Hz and 
a 0.2 s baseline period prior to target onset was used. Subsequently the trials were 
averaged for each condition separately.
Oscillatory power was estimated using a multitaper spectral estimation method 
(Percival and Walden, 1993). A frequency dependent sliding time-window was 
applied. The length of the window was 5 cycles, i.e. AT = 5/f (where f  was the 
frequency of interest). The data from each sliding time-window were multiplied with 
three orthogonal Hanning tapers. Subsequently the data were Fourier transformed 
and the power-spectral densities were averaged. This procedure resulted in estimates 
of oscillatory power with ± ~0.3 f  Hz frequency smoothing. The data were then 
baseline corrected using data in the time window centered 0.25 s before target onset 
(i.e. no post-target 10 Hz power was bleeding into the baseline).
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Sustained fields and alpha band activity in the delay period (0.2 - 1.2 s) were compared 
statistically for the left and right target conditions. To normalize for inter-subject 
variances we computed the z-values for each sensor with respect to left and right 
targets. This was done by first comparing the conditions within subjects calculating 
t-values which then were transformed into z-values (using SPM2; http://www.fil. 
ion.ucl.ac.uk/spm/software/spm2). These z-values represented the normalized 
difference between left and right targets (and not statistical values). The z-values 
were then tested against the null-distribution over subjects using a non-parametric 
cluster-randomization routine in Fieldtrip (Maris and Oostenveld, 2007). This 
routine controls the Type-1 error rate in a situation involving multiple comparisons 
over sensors (see Supp. Methods).
The correlation between ERF and alpha band activity in the delay period was assessed by 
subtracting the delay activity with respect to right and left targets. The Spearman correlation 
was computed over subjects for each sensor. Sensors with a p-value smaller then 0.0003 
were accepted as being significantly correlated (Bonferoni corrected for 151 comparisons). 
Additionally, we calculated the correlation of the time-evolution of the alpha power and 
the time-evolution of the ERF amplitude. This yielded 15 alpha power values and 15 ERF 
amplitude values for each subjects. The alpha band values of all subjects were concatenated 
into one pool which then contained 270 power values for each sensor. We performed the 
same analysis for the ERF amplitude values and then correlated the amplitude values as 
described previously.
To investigate whether the sustained ERF in the delay period could be a consequence of the 
amplitude asymmetry in the ongoing oscillations, we determined the amplitude fluctuation 
asymmetry index (AFAndx) as first proposed by Mazaheri and Jensen (2008). To compute 
this index the data were first bandpass filtered the full trials at the frequency of interest ± 1 
Hz. The time-points of the peaks and troughs of the oscillatory activity were then identified 
in the filtered data (0.2-1.2 s). These time-points were used to estimate the amplitude values 
of the peaks (Speak) and troughs (Strough) in the non-bandpass filtered data after applying a 10 
ms boxcar smoothing kernel. The amplitude asymmetry was estimated by quantifying the 
normalized difference in the variance for the peaks and troughs (see Mazaheri and Jensen, 
2008):
An AFA , close to zero would mean that the peaks and troughs are modulated similarlyindex j" o j
(as for a sinusoidal ‘symmetric’ signal). When the AFAimiex is larger than zero this would 
mean that the peaks are modulated stronger than the troughs and vice versa for negative 
values. The AFAndex spectrum was calculated for the range between 5 and 50 Hz (in 1 Hz 
steps). The difference in the AFAindex for 10 Hz between the left and right target conditions 
was statistically evaluated using a cluster randomization routine similar as described before.
When analyzing the event related fields, power spectra and AFAndx we computed a planar 
gradiometer representation of the data (Bastiaansen and Knosche, 2000). The planar 
field gradient approximates the signals measured by planar gradiometers. This is often 
advantageous in MEG signal processing because the strongest field of the planar gradient
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usually is situated above the neural sources (Ahonen et al. 1993). The vertical and horizontal 
components were estimated using the fields of each sensor and its neighboring sensors. The 
resulting components were then combined using the root mean square after spectral or event 
related field analysis. By this approach the strongest signal will be directly above the source. 
However, information about source orientation will be lost.
The Matlab package Fieldtrip was used for data analysis (http:/www.ru.nl/neuroimaging/ 
fieldtrip). This is an open source toolbox for neuro-physiological data analysis, developed at 
the Donders Institute for Brain, Cognition and Behaviour.
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When the electroencephalographam (EEG) or magnetoencephalogram (MEG) 
is recorded from awake humans the most prominent signal that is observed are 
oscillations in the alpha band (~10 Hz). Alpha band activity is most easily observed 
in resting, but awake, subjects, but it is also present when subjects are engaged in 
cognitive tasks. Although this brain-signal was first observed almost a century ago 
and reflects the simultaneous activity of thousands of neurons, its function is still 
unclear. The studies described in this thesis were performed to obtain insight in the 
role of these large amplitude alpha band oscillations in human cognition.
Currently, two lines of thinking attempt to account for recent findings that increases in 
alpha power were related to good performance on cognitive tasks (Krause et al., 1996; 
Klimesch, 1999) and alpha band activity was found to be increased parametrically 
with working memory load (Jensen et al., 2002; Tuladhar et al., 2007). The first 
theory proposes that alpha band activity reflects active neural processing during 
memory retention (Sewards and Sewards, 1999; Mima et al., 2001; Palva et al., 2002; 
Hummel and Gerloff, 2005). The second hypothesis suggests that alpha band activity 
reflects functional inhibition of irrelevant environmental input to process relevant 
information more efficiently (Ray and Cole, 1985a; Vanni et al., 1997; Klimesch et 
al., 2000; Jensen et al., 2002; Cooper et al., 2003). Chapter 2 describes the research 
done to address the question which hypothesis is the most probable. MEG was used 
to investigate the influence of ongoing (pre-stimulus) alpha band activity on visual 
perception ofthreshold stimuli. The hypothesis ofthis study was that if  increased alpha 
power reflects active inhibition, performance on a visual detection task should be 
negatively correlated with alpha power. The reverse should be true for the functional 
processing hypothesis i.e. performance should increase with increased alpha band 
activity. We found that visual discrimination ability decreased with increased 
parieto-occipital alpha band activity prior to visual stimulation. These findings thus 
give support for the hypothesis that alpha band activity reflects inhibition, in this 
case, of posterior parieto-occipital areas. Most important, this study makes the point 
that pre-stimulus brain-activity is important to consider when performing cognitive 
neuroimaging research i.e. the state of the brain matters for subsequent processing 
of the environment. In this particular case the brain-state was reflected by alpha 
oscillations in the visual system. But it is likely that the mechanism generalizes to 
various modalities such as the sensorimotor system (Linkenkaer-Hansen et al., 2004; 
Nikulin et al., 2007; Haegens et al., 2009) or the auditory system as is investigated in 
the next chapter (van Dijk, 2010).
In Chapter 3 we examined the functional role of ~10 Hz alpha band activity in 
working memory outside the visual system. The modulation of alpha band power 
is dependent on working memory-load (Jensen et al., 2002) and furthermore the 
location of modulation depends on the hemifield where the visual stimulus that had
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to be remembered was presented (Medendorp et al., 2006). Very little is known about 
~10 Hz (tau) power modulations in auditory working memory tasks. During the 
retention period of an auditory working memory task we observed an increase in tau 
activity compared to the no-memory condition. This increase was found in the left 
superior temporal cortex; the primary auditory cortex and the auditory association 
cortex. We propose that tau activity has a function in the auditory system that is 
comparable to the role of alpha in the visual system, since using PET and fMRI, pitch 
memory has been observed to engage the right hemisphere. Findings that alpha band 
activity lateralizes to the right for auditory working memory of language-related 
stimuli (Leiberg et al., 2006b) support our interpretation of the findings presented 
in chapter 3, because language tasks have generally been associated with left 
hemisphere activation. Together with the results reported in the previous chapter our 
findings suggest that the alpha rhythm reflects a general mechanism for gain control 
in sensory systems
The implications of the outcomes presented in Chapter 4 are twofold. A visuo-spatial 
working memory task was used to investigate the contribution of alpha band activity to 
working memory related sustained ERFs. The first outcome extended earlier findings 
by Worden and colleagues (Worden et al., 2000) and others demonstrating that alpha 
band activity lateralizes ipsilateral to the hemifield that is covertly attended. We show 
that alpha band activity is related to the retention of visuo-spatial memory items in 
the ipsilateral hemifield. This strengthens the case that alpha band activity reflects 
functional inhibition. Moreover, it is very difficult to explain these findings in the 
active processing framework. Palva and Palva (2007) state that the earlier observed 
alpha lateralizations are very small and they do not attempt to explain attention 
related alpha lateralization in the context of the active processing hypothesis. In this 
chapter we show that additional to the alpha band lateralization findings in attention 
tasks the same happens in the retention period of a working memory task when 
there is actually no stimulus presented. To summarize, taken into account the results 
of all three studies reported in this thesis it is impossible to reconcile our findings 
with the active processing hypothesis; to the contrary our observations support the 
functional inhibition hypothesis of alpha band activity. The results show that alpha 
band activity is intimately involved in the allocation of attentional resources by most 
likely regulating the input from various sensory regions.
The most important and novel finding presented in Chapter 4 is the fact that alpha band 
activity modulations contribute to the production of slow magnetic field responses 
evoked by working memory retention. The idea that alpha band activity could be 
a substantial part of the ERF was put forward by two separate research groups 
(Nikulin et al., 2007; Mazaheri and Jensen, 2008). Although ERFs and oscillatory 
activity are typically regarded as manifestations of different neural processes, the 
work of Mazaheri and Jensen (2008) has revealed a novel mechanism by which slow 
event-related responses are created as a direct consequence of modulations in brain
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oscillations with non-sinusoidal properties i.e. not symmetrically revolving around 
an arbitrary baseline (Amplitude Fluctuation Asymmetry or AFA). The findings 
presented in this thesis are the first confirming that the mechanism contributes to ERFs 
that are related to a cognitive process. The findings presented in this thesis point to a 
general mechanism for producing evoked responses which is likely to extend beyond 
the realm of working memory and alpha band activity. Most importantly, these 
sustained ERFs are generally interpreted as reflecting active processing. However, 
taken into account the support for the functional inhibition theory of alpha presented 
in this thesis and the confirmed contribution of this alpha band activity to sustained 
ERFs we gain new functional insight into the role of sustained ERFs. Future reseach 
is needed to shed light on how general this phenomenon is, regarding different well- 
known ERPs or ERFs (e.g. P300 or N400) and different frequency bands.
In summary, the studies I have performed for this thesis have provided new insights 
into the role of alpha oscillations in human cognition. By modulating alpha band 
power, the dynamic functional architecture is shaped such that the allocation 
of attentional resources happens in the most efficient way. This mechanism is 
implemented in different sensory modalities. In everyday life modulations of alpha 
band activity will influence how well we will perceive our environment and how 
well we are able to focus on one part of the environment (e.g. writing your thesis) by 
inhibiting the processing of other areas (e.g. ignoring the radio).
Additionally it was shown that modulations in alpha oscillations can produce ERPs/ 
ERFs. Note that in this case the pre-stimulus to post-stimulus modulation (i.e. change 
of brain-state) is of great importance. The specific ERFs studied were similar to ERP 
results that were considered very important (Vogel and Machizawa, 2004; Vogel et 
al., 2005). The functional significance of these and perhaps also other ERPs/ ERFs 
can be reinterpreted in the light of the studies presented in this thesis. ERPs/ ERFs 
are generally considered as reflecting active processing, while alpha oscillations (as 
presented in this thesis) are considered to reflect active inhibition.
To conclude, alpha band activity reflects the mechanism that sets the state of the 
brain and if needed modulates the brain-state by dynamically changing the functional 
architecture. Therefore I propose that the alpha inhibition mechanism is one of the 
most important mechanisms underlying processing in our brain. It is impossible to 
process the complex environment we live in without selecting what to attend to and 
what to ignore by distributing the relatively small amount of resources in we have in 
the brain in the most efficient way.
Future
Although the research presented in this thesis has brought us important steps forward 
in the understanding of the role of oscillatory activity (specifically in the alpha band) 
in human cognition, as usual it has raised new questions as well, does the generation
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of ERPs/ERFs by amplitude asymmetry generalize to other frequency bands then the 
alpha range? For instance, the faster ERFs/ERPs such as the N1 could be explained 
by faster oscillations in the gamma band (>30 Hz). Future research should investigate 
this.
A question that I will be focusing on in the near future is, how does the top-down 
control of attention, responsible for the resource allocation by alpha band power 
modulations that I have proposed in my work for this thesis, come about? Using the 
combination of modern techniques as intracranial recordings, MEG and/ or MRI I 
hope to come closer to answering this question.
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De staat van het brein; hoe alpha band oscillaties het gedrag en ‘event- 
related responses’ vormen. 
6.1 Inleiding
Stel je voor; je zit in de collegebanken, op school 
of bij een congres. Er wordt een presentatie 
gegeven. Je kijkt naar de plaatjes en hoort de 
spreker zijn verhaal vertellen. Maar soms mis 
je ineens een stuk van het verhaal terwijl je  er 
gewoon bij zit!!! Hoe kan dat? Misschien heb je 
zitten dromen over een geplande vakantie (figuur
1)? of zitten nadenken over wat je vanavond zou 
gaan eten? Blijkbaar gaat aandacht hebt voor het 
één ten koste van aandacht voor het ander. Dit 
kan soms niet zo handig zijn; misschien heb je 
wel een belangrijk stuk van het verhaal gemist, 
maar meestal is het juist goed dat je  je kan 
afsluiten van dingen die je afleiden van wat echt 
belangrijk is.
6.2 Hersenactiviteit in de alpha-band
Hoe dit op het niveau van de hersenen gebeurt 
is het onderwerp van dit proefschrift. Hierin 
heb ik onderzocht of hersengolven met een 
ritme van 10 Hz (ook wel alpha-band oscillaties 
genoemd) een rol spelen in dit fenomeen. Deze 
hersen-golven worden geproduceerd door 
honderden hersencellen die ongeveer elke 
100 ms een elektrisch signaal geven. Deze
signalen kunnen gemeten worden met behulp Figuur 1 Hoe kan het datje zomaar een deel 
van elektro-encephalografie (EEG) of magneto- van een lezing kan missen, terwijl je erbij zit? 
encephalografie (MEG, figuur 2 links) en zijn
altijd in meerdere of mindere mate aanwezig (figuur 2, rechts). Het ritmische signaal 
in de hersenen komt in een verscheidenheid van frequenties voor en het wordt 
aangenomen dat elke frequentie-band een andere rol speelt in de menselijke cognitie. 
Ik heb mij geconcentreerd op alpha-band oscillaties omdat het het sterkste signaal is 
dat we kunnen meten en de rol ervan nog steeds onduidelijk is. Ook is het het eerst 
gemeten hersenignaal; al in 1929 werden alpha-band oscillaties gemeten door Hans 
Berger (Berger, 1929). Hij ontdekte dat de alpha-band oscillaties groter werden als
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Figuur 2 Links een proefpersoon in een MEG systeem, rechts de uitslag van het hersensignaal dat gemeten wordt 
door een aantal MEG sensors. De 10 Hz hersengolven (alpha-band oscillaties zijn duidelijk zichtbaar (bij de pijl).
mensen rustig (maar wakker) waren en hun ogen dicht deden. Sinds die tijd zijn 
er verschillende theorien ontstaan over de rol van alpha-band oscillaties. De eerste 
theorie is (onder andere) gebaseerd op de bevindingen van Hans Berger. Als mensen 
niets doen zijn de alpha-band oscillaties het grootst; de hersen-cellen geven geen 
informatie door maar zijn wel klaar om meteen aan het werk te gaan als het nodig is. 
Deze theorie wordt de ‘idling-hypothesis’ genoemd.
Later werd echter ontdekt dat als mensen iets kort moeten onthouden (zoals een 
telefoon nummer dat gelezen wordt) de alpha-band activiteit ook groter wordt 
(Klimesch, 1999; Jensen, 2002). De hersenen zijn tijdens deze taak duidelijk niet 
niets aan het doen, maar toch worden de alpha-band oscillaties groter, de ‘idling 
hypothesis’ lijkt dus niet te kloppen. Er zijn toen twee andere theorien ontwikkeld 
waarvan de juistheid nog onderzocht wordt.
1) De ‘active processing hypothesis’ beschrijft dat alpha-band oscillaties juist 
de actieve processen weerspiegelen die bijvoorbeeld het onthouden van het 
telefoonnummer mogelijk maken.
2) De ‘functional inhibition hypothesis’ (Klimesch et al. 1999), veronderstelt 
dat alpha-band oscillaties de processen weerspiegelen die de hersenactiviteit 
remmen die onnodig of zelfs storend is voor bijvoorbeeld het onthouden van het 
telefoonnummer.
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6.3 Alpha-band oscillaties in de achtergrond- 
activiteit van de hersenen.
In EEG- en MEG onderzoek ligt de nadruk vooral op wat er 
in de hersenen gebeurt nadat er een bepaalde stimulus aan de 
proefpersoon is gepresenteerd. Een stimulus wordt dan ongeveer 
100 tot 200 keer (repetities) gepresenteerd en van oudsher wordt 
dan de hersenactiviteit voor al die repetities gemiddeld. De 
hersenactiviteit die al aanwezig is (de achtergrond-activiteit) 
wordt van de activiteit na de stimulus afgetrokken omdat 
ervan uit gegaan wordt de achtergrond-activiteit niets te maken 
heeft met de verwerking van de stimulus en gezien wordt als 
storende ruis in het signaal (figuur 3). Wat overblijft word dan 
een ‘event related response’ genoemd (m.a.w. hersenactiviteit 
die gerelateerd is aan het moment waarop de stimulus werd 
gepresenteerd). De achtergrond-activiteit wordt volledig 
genegeerd terwijl die heel sterk kan zijn en misschien ook wel 
een grote invloed kan hebben op de verwerking van de stimulus.
De vraag is dan ook of de achtergrond-activiteit een invloed 
heeft op wat er na de presentatie van een stimulus gebeurt.
Omdat alpha-band oscillaties zo sterk aanwezig zijn tijdens rust 
en waarschijnlijk een belangrijke functionele rol heeft is het 
nodig om dit verder te onderzoeken.
6.4 Onderzoeksvragen
De onderzoeken die dit proefschrift gepresenteerd worden beschrijven verschillende 
benaderingen om te verduidelijken welke rol alpha-band oscillaties spelen bij de 
menselijke cognitie. Daarop verder bouwend stelden we de vraag of alpha-band 
oscillaties dezelfde functie weerspiegelen in verschillende sensorische modaliteiten. 
De invloed die de alpha-band oscillaties in de achtergrond-activiteit hebben op wat 
er gebeurt na de presentatie van een stimulus is daarbij een belangrijk onderdeel.
6.4.1 Hoofdstuk 2, Achtergrond-activiteit in de 
alpha-band voorspelt de waarneembaarheid van een 
visuele stimulus.
In het eerste onderzoek, beschreven in hoofdstuk 2, heb ik 
juist naar de alpha-band oscillaties gekeken in de achtergrond- 
activiteit, dus voordat de stimulus gepresenteerd werd, en de 
invloed die de natuurlijke fluctuaties van deze hersengolven
Figuur 4 De stimulus , , , . , _  „ .
die gebruikt is voor het had op de visuele waarneming. Proefpersonen kregen in 
onderzoek in hoofdstuk 2 . elke van 200 repetitie een grijze cirkel te zien met daarin
"-3
"■‘ “VVA
Figuur 3 het maken 
van een ‘event related 
response’ . Het MEG 
signaal wordt over in dit 
geval 40 repetities gemi­
ddeld en de achtergrond 
activiteit wordt van het 
signaal afgetrokken.
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een kleinere cirkel in een iets donkerder grijstint (figuur 4). Het verschil tussen die 
grijstinten was moeilijk te zien. In de helft van de repetities zagen de proefpersonen 
de binnenste kleine cirkel wel en in de andere helft zagen ze binnenste cirkel niet, 
terwijl elke keer wel dezelfde stimulus gepresenteerd werd. De hypothese was dat 
de waarneembaarheid van de stimulus afhankelijk was van de hoogte van de alpha­
band oscillaties. Voor elke repetitie was de vraag wat de grootte van de alpha-band 
oscillaties was vlak voordat voor de stimulus werd gepresenteerd en of dat een repetitie 
was waarin de proefpersonen de binnenste cirkel wel of niet waar konden nemen. Het 
bleek dat in de reptities waar de proefpersonen de binnenste cirkel niet konden zien 
de alpha-band oscillaties significant groter waren dan wanneer de proefpersonen de 
binnenste cirkel wel konden zien. Hoe groter de alpha-band oscillaties werden hoe 
slechter de waarneembaarheid van de binnenste cirkel was. Deze resultaten wijzen 
erop dat alpha-band oscillaties cognitieve processen kunnen remmen, ook als we ons 
daar niet van bewust zijn. De ‘functional inhibition hypothesis’ lijkt dus het meest 
waarschijnlijk.
6.4.2 Hoofdstuk 3, Alpha-band oscillaties worden ook in het auditieve 
systeem groter bij het onthouden van toonhoogten.
Het meeste onderzoek dat zich op de vraag heeft toegelegd wat de rol van alpha band 
oscillaties is heeft zich vooral gericht op het visuele systeem. Over het auditieve 
systeem is wat dat betreft nog weinig bekend. Daarom heb ik onderzoek gedaan 
naar de rol van alpha-band oscillaties in het auditive werk-geheugen. Proefpersonen 
kregen daarbij eerst een toon te horen. Ze moesten daarvan de toonhoogte onthouden 
en ongeveer een seconde later vergelijken met een tweede toon. Soms was die toon 
hetzelfde en soms niet. Een andere taak was zo gemaakt dat proefpersonen wel twee 
tonen hoorden maar niet hoefden te onthouden. De oscillaties in die ene seconde 
waarin de proefpersonen de toon in hun geheugen houden werd vergeleken tussen 
de twee taken (de geheugen en de niet-geheugen taak). Het bleek dat de alpha­
band oscillaties aan de linker-kant van de hersenen in het gebied wat geluid en taal 
verwerkt groter werden. Het lijkt erop dat dit gebied geremd wordt omdat juist het 
gebied wat geluid verwerkt aan de rechter-kant van de hersenen nodig is. Dat gebied 
verwerkt namelijk toonhoogten en zorgt voor het samenvoegen van verschillende 
frequenties tot één geluid.
6.4.3 Hoofdstuk 4, Veranderingen van alpha-band oscillaties in de 
achtergrond-activiteit kunnen ‘event related responses’ produceren.
Zoals al eerder in deze samenvatting genoemd ligt de nadruk bij EEG en MEG 
vaak bij wat er na een stimulus gebeurt. Dan wordt er naar de gemiddelde activiteit 
(over verschillende repetities) in de hersenen gekeken die, wat verondersteld wordt, 
veroorzaakt wordt door de stimulus. De achtergrond-activiteit van voor de stimulus 
wordt afgetrokken van de activiteit die er na de stimulus is. De activiteit die je dan
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overhoud wordt een ‘event related 
response’ genoemd (figuur 3).
Hersenactiviteit lijkt zich vaak te 
vormen tot oscillaties, maar wat 
is de relatie tussen deze oscillaties 
en de ‘event related responses’?
Als we aan oscillaties denken 
is het zoals in figuur 5 (links).
De oscillaties komen net zo ver 
boven de nul-lijn uit als onder de 
nul-lijn. Met andere woorden, 
ze zijn symmetrisch. De ‘event- 
related responses’ zien er dan uit 
zoals in figuur 5 (links onder). De 
achtergrond oscillaties worden er 
‘uitgemiddeld’ en er is niets meer 
van te zien. Het grondvraagstuk dat 
in dit hoofdstuk geponeerd wordt 
is of deze manier van data-analyse 
die al jaren lang gebruikt wordt wel 
juist is. Wat als in de hersenen de oscillaties nu eens asymmetrisch zijn, zoals in figuur 
5, rechts? Als een logisch gevolg van de asymmetrie onstaat er in het gemiddelde 
over de repetities een ‘event related response’. (figuur 5 rechts onder). De ‘event 
related response’ wordt dan in dit geval juist geproduceerd door veranderingen 
in de grootte van oscillaties in de achter-grond activiteit. In het onderzoek dat in 
hoofdstuk 4 beschreven is heb ik onderzocht of de ‘event related responses’ die 
traditioneel gevonden worden in geheugen taken veroorzaakt kunnen worden door 
veranderingen van de alpha-band oscillaties in de achtergrond-activiteit. De taak die 
de proefpersonen uit moesten voeren bestond uit het onthouden van een punt die op het 
scherm voor hen aan de linker- (conditie 1) of rechterkant (conditie 2) gepresenteerd 
werd. Omdat in het visuele systeem alles wat we aan de linkerkant zien in de rechter 
hersenhelft wordt verwerkt en alles aan de rechterkant gepresenteerd wordt in de 
linker hersenhelft wordt verwerkt konden we die twee condities goed met elkaar 
vergelijken. Twee belangrijke inzichten waren het resultaat van dit onderzoek:
Figuur 5, Links, de conventionele manier van EEG/ MEG data 
analyse ervan uitgaande dat oscillaties symmetrisch zin. Dit 
betekent dat de achtergrond-activiteit geen ‘event related re- 
ponse’ kan produceren. Rechts, als een direct gevolg van asym­
metrische oscillaties ontstaat er in het gemiddelde over repetities 
een ‘event related response’. (Uit Mazaheri and Jensen, 2008)
1) Nogmaals bleek dat in de hersenhelft waar geen verwerking plaats vond en die 
geremd moest worden de alpha-band oscillaties groter werden.
Conclusie'. Deze resultaten ondersteunen dus nogmaals de ‘functional inhibition 
hypothesis’.
2) De veranderingen in alpha-band oscillaties en de ‘event-related responses’ 
door de verschillende stimuli waren sterk aan elkaar gecorreleerd (in locatie en 
tijdsverloop). Een maat voor hoe asymmetrisch de oscillaties zijn liet inderdaad 
zien dat op de locatie waar de ‘event-related responses’ en de alpha-band
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oscillaties het grootst waren de oscillaties asymmetrisch waren.
Conclusie: De ‘event related responses’ worden dus in dit geval veroorzaakt door 
veranderingen in de alpha-band oscillaties. Dit betekent dat de conventionele 
manier van het bekijken van EEG/MEG data onvoldoende is.
Door deze bevindingen samen te voegen kunnen we de belangrijke conclusie trekken 
dat de ‘event related responses’ niet persé actieve processen in het verwerken van 
stimuli weerspiegelen zoals in men jarenlang heeft verondersteld, maar dat ze 
hoogst waarschijnlijk de veranderingen in alpha-band oscillaties opvangen die juist 
remmende processen lijken te weerspiegelen.
6.5 Conclusie
De studies die ik uitgevoerd heb in dit proefschrift hebben voor belangrijke nieuwe 
inzichten in de rol van alpha-band oscillaties gezorgd. Door de grootte van de alpha­
band oscillaties te beinvloeden kunnen de hersenen uit de enorme hoeveelheid 
informatie die we tot ons krijgen juist alleen de belangrijke informatie selecteren. Ik 
stel voor dat dit mechanisme ervoor zorgt dat de energie die daarvoor nodig is op de 
meest efficiente manier verdeeld wordt. Ik heb gevonden dat dit mechanisme wordt 
gebruikt in zowel het visuele als het auditieve domein.
In het dagelijks leven zorgen de alpha-band oscillaties er dus voor hoe goed we onze 
omgeving waarnemen en hoe goed we ons kunnen concentreren op een deel van de 
omgeving (bijvoorbeeld op die ene lezing) door het remmen van andere processen in 
de hersenen (het dagdromen over de vakantie).
Verder heb ik aangetoond dat veranderingen in alpha-oscillaties ‘event-related 
responses’ kunnen veroorzaken. In het licht van dit proefschrift betekent dat dat 
de ‘event-related responses’ niet de actieve processen in het verwerken van stimuli 
representeren zoals in het algemeen wordt aangenomen maar juist de remmende 
processen.
Samenvattend, alpha-band oscillaties reflecteren het mechanisme dat de staat van het 
brein vorm geeft en als het nodig is de staat van het brein verandert. Daarom denk 
ik dat het ‘alpha inhibition’ mechanisme een van de belangrijkste is die de processen 
in onze hersenen ondersteunen. Het is volstrekt onmogelijk om onze complexe 
omgeving te verwerken zonder te kiezen waar we aandacht aan moeten besteden en 
waar niet, door de relatief kleine hoeveelheid energie die de hersenen hebben op de 
meest efficiente manier te verdelen.
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